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Evidências têm demostrado associação entre a ativação do sistema nervoso simpático, 
alterações na reatividade vascular, liberação de citocinas inflamatórias e adipocinas 
relacionando estes efeitos ao desenvolvimento do quadro hipertensivo. Os objetivos foram 
analisar a reatividade vascular, a função cardíaca e as vias de sinalização celular envolvidas 
nestas respostas em dois modelos de hipertensão: a induzida pela inibição crônica da óxido 
nítrico (NO) sintase (L-Name) e a genética, ratos espontaneamente hipertensos (SHR),  bem 
como seus respectivos controles, Wistar (W) e Wistar-Kyoto (WKY). Utilizamos como 
metodologia (CEUA-2615-1) a reatividade vascular (RV), pela análise de curvas 
concentração resposta ao agonista alfa-adrenérgico, fenilefrina (Phe) e ao agonista beta-
adrenérgico, isoproterenol (Iso) na presença ou não de antagonistas seletivos e inibidores 
enzimáticos específicos. A investigação cardíaca se deu pela análise na pressão arterial e do 
eletrocardiograma. As vias de sinalização celular foram investigadas em aortas e no coração 
utilizando Western Blotting. Houve normalidade nos dados coletados, Kolmogorov-Smirnov, 
sendo então analisados por Anova seguida de Dunnet ou teste t-Student, p menor que 0,05 foi 
indicativo de significância. RV à Phe: L-Name apresentaram aumento de sensibilidade e 
redução na resposta máxima e na resposta total, em área sob a curva-AUC; e SRH foram 
menos sensíveis, sem alteração na resposta máxima e AUC. As alterações vasculares foram 
dependentes de endotélio. RV ao Iso: L-Name apresentaram menor AUC dependente do 
endotélio e SHR sem alteração. Investigação molecular em aortas: via do NO- L-Name 
apresentaram redução na expressão de PKG e SHR diminuição na expressão de eNOS, GC 
e PKG. Via da adenosina- L-Name apresentaram diminuição na expressão de PDE3A e SHR 
aumento na expressão de PDE3A e A2AR. Via -adrenérgica: L-Name e SHR apresentam 
aumento na expressão de α1A. Ambos os modelos apresentam redução na expressão de Gq. 
 
 
Receptores -adrenérgicos: L-Name apresentaram aumento na expressão de β1 e redução de 
β3 e da Serca2; SHR sem alterações. Receptores de glicocorticóides (GR)- Em L-Name houve 
redução de GRs e SHR sem alterações. O funcionamento cardíaco apresentou-se prejudicado 
em SHR, com sinais de falhas na condução atrial e ventricular desde a sexta semana de idade 
(6s) e apresentação de quadro isquêmico na 15
a
 semana de idade (15s). Ratos L-Name-15s 
apresentaram disfunção na condução ventricular. WKY apresentaram alterações na condução 
atrial e déficit na condução ventricular na 6s, estas alterações não comprometeram as funções 
cardíacas, provavelmente pela redução na expressão da PDE3A observada no coração destes 
na 15ªs. Este efeito não foi observado nos animais hipertensos. O coração de L-Name 
apresentou redução na expressão de IL-6, sem alterações em IL-1 e adiponectina. Não foram 
observadas alterações da IL-6, IL-1 e adiponectina no coração de SHR, W e WKY. 
Concluímos que o quadro de hipertensão desenvolve respostas vasculares dependentes do 
endotélio e lesões cardíacas independentes de adiponectina. As alterações adaptativas ao 
tônus simpático elevado são distintas entre os modelos estudados indicando uma dependência 
à origem do quadro hipertensivo, se induzido ou genético.  
 






Evidence has shown an association between the activation of the sympathetic nervous system, 
changes in vascular reactivity and release of inflammatory cytokines and adipokines, relating 
these effects to the development of hypertensive frame. The objectives were to examine the 
vascular reactivity, cardiac function and cellular signaling pathways involved in these 
responses in two models of hypertension: the induced by chronic inhibition of nitric oxide 
(NO) synthase (L-Name) and genetic spontaneously hypertensive rats (SHR), and their 
respective controls, Wistar (W) and Wistar-Kyoto (WKY). We used as a methodology 
(CEUA-2615-1) vascular reactivity (VR), analyzing concentration response curves of alpha-
adrenergic agonist, phenylephrine (Phe) and the beta-adrenergic agonist, isoproterenol (Iso) in 
the presence or absence of selective antagonists and specific enzyme inhibitors. Cardiac 
investigation was due to the analysis in blood pressure and electrocardiogram. The cellular 
signaling pathways were investigated in aorta and heart using Western Blotting. There was 
normal distribution on the data collected, Kolmogorov-Smirnov and then being analyzed by 
Anova followed by Dunnet or t-Student-test. p less than 0.05 was indicative of significance. 
VR to Phe: L-Name had increased sensitivity and reduced maximum response and overall 
response in area under the curve-AUC; and SRH were less sensitive, with no change in 
maximum response and AUC. Vascular changes were dependent on endothelium. VR at Iso: 
L-Name had lower endothelium-dependent AUC and SHR unchanged. Molecular studies in 
aortas: NO pathway: L-Name presented decrease in the expression of PKG and SHR decrease 
in the expression of eNOS, GC and PKG. Adenosine pathway: L-Name showed decreased 
expression of PDE3A and SHR increased expression of PDE3A and A2ARs. The -adrenergic 
pathway: L-Name and SHR presented increase in the α1A expression. Both models feature 
 
 
reduced Gq expression. -adrenergic receptors: L-Name showed increased expression of β1 
and reduction of β3 and Serca2; SHR were unchanged. Glucocorticoids receptors (GR): L-
Name there was a reduction in the GR expression and SHR unchanged. The heart function 
was harmed in SHR, faulty signals in the atrial and ventricular conduction from the sixth 
week of age (6w) and ischemic frame presentation at 15 weeks of age (15w). Rats L-Name-
15w showed dysfunction in ventricular conduction. WKY showed changes in atrial 
conduction and deficit in ventricular conduction at 6w, these changes did not affect heart 
function, probably by the reduction in the expression of PDE3A observed in the heart of these 
at 15w. This effect was not observed in hypertensive animals. The heart of L-Name decreased 
in IL-6 expression without changes in IL-1 and adiponectin. There were no changes in IL-6, 
IL-1 and adiponectin in the heart of SHR, W and WKY. We conclude that hypertension 
frame develops endothelium-dependent vascular responses and cardiac lesions independent of 
adiponectin. Adaptive changes to the high sympathetic tone are distinct from the models 
studied indicating a dependency to the hypertensive frame origin, if induced or genetic. 
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Introdução Geral  
Até o século passado o conceito de homeostasia, proposto por Claude Bernard em 
1865 e postulado por Selye, foi intensamente utilizado para definir a constância do meio 
interno como condição essencial para o perfeito funcionamento do organismo. Possíveis 
alterações são corrigidas por meio de retroalimentação e desta forma retornando às condições 
iniciais de equilíbrio (Selye 1946).  
Porém em 1998, Bruce McEwen redirecionou a comunidade científica para outra 
forma de pensamento. McEwen difundiu o termo alostasia, definido inicialmente por Sterling 
e Eyer em 1988. A alostasia considera a constante adaptação do organismo frente ao ambiente 
em que se encontra, e restabelece assim um novo equilíbrio (Sterling e Eyer 1988, McEwen 
1998).  Desta forma, mecanismos alostáticos são ativados quando o organismo é exposto a 
uma nova situação e atinge um novo equilíbrio, uma nova alostasia (McEwen 2004). O 
conjunto de mecanismos alostáticos recebeu o nome de carga alostática e o seu excesso de 
sobrecarga alostática (McEwen 1998, McEwen e Karatsoreos 2015). 
A reação ao estresse vai ser desencadeada quando o organismo identifica um agente 
como ameaça à sua integridade. Esta reação envolve várias respostas fisiológicas que 
favorecem o enfrentamento da situação e a sobrevivência da espécie.  Primeiramente é 
ativado o eixo hipotálamo-hipófise adrenal (HPA) e em seguida concomitantemente o sistema 
nervoso simpático (SNS). A ativação do eixo HPA tem como consequência o estímulo para 
produção e liberação na região cortical da adrenal, de glicocorticoides (cortisol e 
corticosterona) e de mineralocorticoides (aldosterona). Na região medular por sua vez há 
produção e liberação de catecolaminas, sendo a adrenalina em maior quantidade. A ativação 
do SNS tem como resultado a liberação de noradrenalina nas fendas sinápticas e o estímulo 
para produção e liberação de adrenalina pela medula da adrenal. Desta forma o ambiente 
hormonal do organismo mediante a reação ao estresse é o de altas concentrações de 
glicocorticóides, mineralocorticoides e catecolaminas (Steptoe e Kivimäki 2012).   
A manutenção do estímulo estressante é denominada como estresse crônico, e gera no 
indivíduo a sobrecarga alostática. Nesta condição, o organismo pode se adaptar ou não a este 
novo ambiente hormonal. A ausência de adaptação levará ao desenvolvimento de doenças 
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relacionadas ao sistema imunológico, reprodutor, metabólico, pulmonar e cardiovascular. 
(McEwen 1998, Seeman, McEwen et al. 2001, McEwen 2004, Hamer, Endrighi et al. 2012, 
Peters e McEwen 2015). 
Como resultado da sobrecarga alostática no sistema cardiovascular, temos a 
hipertensão que está entre as doenças decorrentes do estresse crônico que afeta grande parcela 
da população. Estudos epidemiológicos realizados nos últimos 20 anos apontaram uma 
prevalência de hipertensão arterial sistêmica acima de 30% na população brasileira, com mais 
de 50% dos casos em indivíduos entre 60 e 69 anos de idade e cerca de 75% acima de 70 anos 
(dos Santos, de Oliveira et al. 2013, Freitas, de Oliveira Nielson et al. 2015). De fato, as 
últimas décadas foram marcadas pelo aumento dos fatores de risco às doenças 
cardiovasculares no mundo. Dados da Organização Mundial de Saúde registram cerca de 17 
milhões de mortes por ano, com destaque para 9,4 milhões de mortes por ano decorrente de 
complicações da hipertensão arterial considerado ainda um fator preocupante (Silva e Zanesco 
2010, Organization 2013, Bernatova 2014).   
Hipertensão e a reatividade vascular  
A hipertensão é uma doença multifatorial e um dos fatores que a desencadeia é 
alteração na reatividade vascular (Lee, Kim et al. 2015). O fator determinante da resistência 
vascular periférica por sua vez é o tônus vascular que é resultado do balanço entre substâncias 
contráteis e relaxantes produzidas pelas células endoteliais (Carvalho, Nigro et al. 2001, 
Bahia, de Aguiar et al. 2006, Blaustein e Hamlyn 2010, Giles, Sander et al. 2012). 
O endotélio é uma monocamada de células que recobre de forma intermitente a porção 
luminal de todos os vasos, com uma área total resultante em aproximadamente 4.000 a 7.000 
m
2
 (van Hinsbergh 1997).  
Furchgott e Zawadski (1980) descreveram funções ao endotélio que deram  origem a 
uma das mais notáveis conquistas para fisiologia vascular. Estes pesquisadores demonstraram 
que o relaxamento produzido pela acetilcolina em anéis de aortas e arteríolas de coelhos era 
dependente da presença e integridade das células endoteliais.  Sugeriram com isso que este 
processo envolvia a liberação de um fator fundamental para o relaxamento vascular 
denominado de fator de relaxamento derivado do endotélio (EDRF) (Furchgott e Zawadzki 
1980, Queiroz e Batista 1999, Batlouni 2001, Girardi, Girardi et al. 2006, Félétou, Köhler et 
al. 2012, Triggle, Samuel et al. 2012, Angeli 2013).  
20 
 
Nos anos seguintes vários grupos de pesquisa se dedicaram a caracterizar o EDRF e 
diversas hipóteses sobre sua identidade química foram exploradas (Griffith, Edwards et al. 
1984, Cocks, Angus et al. 1985, Martin, Villani et al. 1985, Rubanyi, Lorenz et al. 1985). 
Somente em 1987 que três grupos de pesquisadores completamente independentes 
descobriram que o EDRF era de fato o Óxido Nítrico (NO) (Furchgott, Carvalho et al. 1987, 
Ignarro, Byrns et al. 1987, Palmer, Ferrige et al. 1987). Esta informação foi em seguida 
comprovada por meio de quimiluminescência (Ignarro, Byrns et al. 1988, Moncada, Palmer et 
al. 1991, Lancaster Jr 1992).  
A partir de então o endotélio se tornou foco de estudo de diferentes pesquisadores em 
todo o mundo, e ao final de uma década já se tinha estabelecido diferentes propriedades ás 
células endoteliais. Estas células foram então consideradas um importante sistema autócrino, 
parácrino e endócrino do organismo humano, metabolicamente capaz de liberar substâncias 
reguladoras do tônus e crescimento vascular, assim como modular os processos de coagulação 
e da inflamação (Britten, Zeiher et al. 1999, Batlouni 2001, Girardi, Girardi et al. 2006, Silva, 
Pernomian et al. 2012, Moncada 2014).  
As células endoteliais são dotadas de sistemas intracelulares altamente complexos, 
capazes de responder tanto a estímulos exógenos quanto aos endógenos, liberando substâncias 
vasoativas intituladas fatores constritores derivados do endotélio (EDCFs) e fatores relaxantes 
derivados do endotélio (EDRFs) (Kifor e Dzau 1987, Furchgott e Vanhoutte 1989, Vanhoutte, 
Shimokawa et al. 2009). A interação entre os EDCFs e EDRFs com a musculatura lisa é 
fundamental para a regulação do fluxo sanguíneo e pressão arterial, exercendo assim o 
controle de toda a hemodinâmica do organismo (Queiroz e Batista 1999, Batlouni 2001, 
Wong e Vanhoutte 2010, Angeli 2013, Kang 2014).   
O controle e a manutenção do tônus acontecem por mobilização de cálcio nas células 
do músculo liso vascular que dependem dos fatores liberados, EDCFs ou EDRFs. A 
disponibilização ou o sequestro de cálcio intracelularmente desencadeia, respectivamente, 
contração e/ou relaxamento (Silva e Zanesco 2010, Angeli 2013). Modificações nas 
propriedades destes fatores levam a disfunção endotelial, contribuindo para o aumento de 
resistência vascular e consequente alteração no tônus, favorecendo o processo hipertensivo 
(Wilcox, Subramanian et al. 1997, Cannon 1998, Queiroz e Batista 1999, Batlouni 2001, 
Bernatova 2014, Teixeira, Lopes et al. 2014).  
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Os fatores de contração derivados do endotélio são: as endotelinas com predomínio de 
ação via receptor ET-1 (Yanagisawa, Kurihara et al. 1988), os ânion superóxido (O2
-
) 
(Furchgott 1983, Rubanyi e Vanhoutte 1986), os produtos derivados do metabolismo do ácido 
araquidônico como o tromboxano A2 (TXA2), as prostaglandinas H2 e F2 (PGH2 e PGF2) 
(Vanhoutte 1993) e a angiotensina II com predomínio de ação via receptores AT-1 (Pessôa, 
van der Lubbe et al. 2013).  
Os fatores relaxantes são: a prostacilina (PGI2) (Bunting, Moncada et al. 1976, 
Moncada, Herman et al. 1977, Vanhoutte 1993), o fator hiperpolarizante derivado do 
endotélio (EDHF) (Taylor e Weston 1988, Feletou e Vanhoutte 1999), adenosina (Echeverri, 
Montes et al. 2010, Wang, Yang et al. 2010), o NO (Furchgott e Zawadzki 1980), e a 
angiotensina II, atuando em receptores AT-2, e sendo precursor para a produção de 
angiotensina III (ação relaxante via AT2) e a angiotensina 1-7 por meio de seu próprio 
receptor, o receptor MAS (Pessôa, van der Lubbe et al. 2013).  
O NO é considerado um dos mais importantes fatores de relaxamento derivado do 
endotélio e exerce um crucial papel no equilíbrio vascular (Girardi, Girardi et al. 2006, Vanni, 
Horstmann et al. 2007, Giles, Sander et al. 2012, Angeli 2013, Kang 2014). A síntese de NO 
originada no endotélio vascular, é caracterizada por duas fases sendo que na primeira, ocorre 
a hidroxilação de um dos nitrogênios guanidinos da L-arginina gerando a NG-hidroxi-L-
arginina (NHA). Esta reação utiliza NADPH e oxigênio (O2) e, é catalisada pela enzima NO 
sintetase endotelial (eNOS ou NOS3). A segunda etapa, consta da conversão da NHA em NO 
e citrulina, utilizando flavina adenina dinucleotídeo (FAD), flavina mononucleotídeo (FMN) e 
a tetraidrobiopterina (BH4) como co-fatores na reação (Marletta, Yoon et al. 1988, Schmidt, 
Klein et al. 1988, Palmer e Moncada 1989, Marletta 1994, Cerqueira e Yoshida 2002, Dusse, 
Vieira et al. 2003, Giles, Sander et al. 2012). 
A eNOS é regulada por cálcio-calmodulina e está estrategicamente ancorada à 
membrana da célula endotelial. Isto favorece a formação de grandes quantidades de NO 
próximo à camada muscular do vaso e às células sanguíneas circulantes(Dusse, Vieira et al. 
2003, Walford e Loscalzo 2003, Dudzinski, Igarashi et al. 2006, Vanni, Horstmann et al. 
2007, Dias, Negrão et al. 2011).  
O NO produzido pela célula endotelial se difunde rapidamente para a musculatura lisa 
interagindo diretamente com o ferro do grupo heme da enzima guanilato ciclase (GC) 
tornando-a ativa (GCa).  A GCa catalisa a saída de dois grupamentos fosfato da molécula de 
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guanosina trifosfato cíclica (GTP) resultando na formação de guanosina monofosfato cíclica 
(GMPc). O GMPc por sua vez modula a proteína quinase G (PKG), que causa diminuição de 
cálcio intracelular  seja  por inibição da liberação de cálcio do reticulo sarcoplasmático, por 
sequestro de cálcio para o mesmo, ou até por hiperpolarização da membrana com abertura de 
canais de potássio dependentes de cálcio e subsequente fechamento dos canais de cálcio 
dependentes de voltagem. Como consequência da diminuição de cálcio é ativada a miosina 
fosfatase de cadeia leve e consequentemente a desfosforilação da miosina do músculo liso, 
ocasionando o relaxamento vascular por anulação da contração tônica do musculo liso. 
(Dusse, Vieira et al. 2003, Vanni, Horstmann et al. 2007, Giles, Sander et al. 2012, Barrett, 
McCurley et al. 2013, Rodrigues, Oliveira et al. 2013, Kang 2014, Wobst, Rumpf et al. 2015). 
O relaxamento da musculatura lisa vascular, proporcionado pelo NO também ocorre 
com redução direta do transporte de Ca
2+
 para o interior da célula, do sequestro de Ca
2+
 
excedente do líquido intracelular para o interior do retículo sarcoplasmático, pela inibição da 
liberação de Ca
2+
 do retículo sarcoplasmático e bem como pela redução na sensibilidade da 
interação entre o Ca
2+
 e os miofilamentos de actina e miosina (Ito, Tsurudome et al. 1987, 
Andriantsitohaina, Lagaud et al. 1995, Brophy, Beall et al. 1997, Ford e Lorkovic 2002, 
Gewaltig e Kojda 2002, Triggle, Samuel et al. 2012). 
Outro segundo mensageiro importante na modulação do tônus vascular é a adenosina 
monofosfato cíclica (AMPc). Sua síntese acontece por ativação da enzima adenilato ciclase 
(AC), que leva ao aumento de sua biodisponibilidade. Tal aumento leva a ativação da proteína 
quinase A (PKA), que contribui para a diminuição de cálcio no musculo liso vascular, por 
mecanismos semelhantes aos da PKG e consequentemente levando ao relaxamento vascular  
(Ferguson e Feldman 2014). Após sua produção induzida por agonistas específicos, a 
manutenção da concentração intracelular deste segundo mensageiro é regulada entre o 
balanço entre a sua produção e degradação de fosfodiesterases (PDE). Existe uma variedade 
de famílias de PDE, entretanto é a PDE3 que regula a hidrolise do AMPc e do GMPc, e é a 
PDE3A que se apresenta em maior quantidade  no sistema vascular (Liu e Maurice 1998, 
Hubert, Belacel‐Ouari et al. 2014). 
A adenosina também exerce seu efeito relaxante por meio da produção de  AMPc, 
atuando tanto no endotélio quanto na musculatura lisa (Martin e Potts 1994). A adenosina se 
liga a receptores específicos, sendo que no sistema vascular estão em maior quantidade os 
receptores A1 e A2A (Fredholm, Bättig et al. 1999, Fredholm 2003). Na musculatura lisa a 
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ativação do receptor A1 causa inibição da adenilato ciclase por acoplamento a proteína Gi 
diminuindo as concentrações de AMPc e consequente aumentando concentrações de cálcio 
intracelular, levando à vasoconstrição. A ligação aos receptores A2A por acoplamento à 
proteína Gs induzem a ativação da adenilato ciclase aumentando a disponibilidade de AMPc, 
que levará ao sequestramento de cálcio intracelular seguida de vasorelaxamento. Nas células 
endoteliais os receptores de adenosina A1 e A2A, promovem vasodilatação indireta através de 
abertura de canais de K
+
 sensíveis ao Ca
2+
 das células endoteliais e consequentemente 
hiperpolarização destas células. Dessa forma o acúmulo cálcio intracelular resulta em 
estímulo da eNOS para a liberação de NO (Ray e Marshall 2006, Chen, Eltzschig et al. 2013).  
O SNS, com auxílio das catecolaminas, também exerce papel modulador do tônus 
vascular por meio de terminações das fibras nervosas simpáticas. As catecolaminas atuam por 
meio de receptores adrenérgicos, presentes tanto nas células endoteliais como na musculatura 
lisa  (Guimarães e Moura 2001, Neto, Rascado et al. 2006, Conti, Russomanno et al. 2013, 
Hauzer, Bujok et al. 2014).  
Os receptores adrenérgicos são receptores de 7 domínios transmembrana que 
interagem diretamente com a proteína G e são fosforilados pela família de quinase (GRKs) a 
qual exercem um papel regulador tanto na via de sinalização quanto na função do receptor 
(Lefkowitz 2013, Lymperopoulos 2013, de Lucia, Femminella et al. 2014, Perez-Aso, Flacco 
et al. 2014, Jozsef Szentmiklosi, Szentandrássy et al. 2015, O'Leary, Fox et al. 2015). 
Os receptores adrenérgicos foram descritos por Ahlquist em 1948, propondo uma 
divisão em duas grandes categorias α e β; (Ahlquist 1948) e posteriormente reorganizados em 
subtipos α1Α, α1Β, α1D, α2Α, α2Β, α2C, β1, β2 e β3 (Lands, Arnold et al. 1967, Neto, Rascado et al. 
2006, Silva e Zanesco 2010, Ferguson e Feldman 2014). 
No leito vascular encontramos predominantemente os adrenoceptores 1, que induzem 
contração, e os adrenoceptores 2, que desencadeiam  relaxamento. Ambos com 
predominância em células endoteliais e musculatura lisa.  Desta forma, mesmo em situações 
fisiológicas, a ativação simpática desencadeia respostas antagônicas de relaxamento e/ou 
contração, dependendo do leito vascular estudado. (Ahlquist 1948). E essa modulação entre os 
dois tipos de receptores adrenérgicos tanto nas células endoteliais quanto em musculatura lisa 
contribui para a regulação do tônus vascular. Por outro lado, qualquer estímulo que leve ao 
aumento na quantidade de receptor α1 adrenérgico ou diminuição na quantidade de 
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adrenoceptores 2 contribuirá para o desenvolvimento da hipertensão (Oliver, Martí et al. 
2009, Flacco, Segura et al. 2013, Berg 2014, Hauzer, Bujok et al. 2014).  
A resposta desencadeada pelo acoplamento do agonista aos receptores α1 adrenérgicos 
acontece por interação e ativação da subunidade alfa da proteína Gq, que por sua vez ativa a 
fosfolipase C (PLC). A PLC promove ativação dos segundos mensageiros Ins(1,4,5)P3 e 
diacilglicerol (DAG), responsáveis por aumentar as concentrações de cálcio na célula 
muscular lisa, induzindo a contração. O IP3 atua diretamente no retículo sarcoplasmático 
inibindo a ação da enzima Ca-ATPase (SERCA), com consequente aumento de cálcio no 
citosol. O DAG, por sua vez, ativa a proteína quinase C (PKC) ocasionando aumento no 
influxo de cálcio (Brizzolara-Gourdie e Webb 1997, Silva e Zanesco 2010, Cotecchia, del 
Vescovo et al. 2015). 
Os receptores β adrenérgicos (β1, β2 e β3) atuam via acoplamento a subunidade alfa da 
proteína G estimulatória (Gs) e agem ativando a adenilil ciclase (AC), levando a produção de 
AMPc, e consequente ativação da PKA, que culmina na diminuição nas concentrações de 
cálcio intracelular resultando em relaxamento vascular (Lefkowitz 2013). Entretanto embora 
exista uma predominância no receptor2 tanto no endotélio quanto na musculatura lisa (Neto, 
Rascado et al. 2006) já é conhecida a participação de todos os subtipos de receptores 
adrenérgicos (β1, β2 e β3) no relaxamento vascular, influenciando dessa maneira no controle 
da pressão arterial (Guimarães e Moura 2001, Dessy, Moniotte et al. 2004, Conti, 
Russomanno et al. 2013, Hauzer, Bujok et al. 2014). Dessa forma, o comprometimento no 
equilíbrio entre a resposta vascular e a sinalização dos receptores  adrenérgicos pode 
desencadear aumento na resistência vascular, resultando no desenvolvimento da hipertensão 
(Lembo, Iaccarino et al. 1997, Conti, Russomanno et al. 2013). 
Especial atenção tem sido voltada aos receptores β2 adrenérgicos e o desenvolvimento 
da hipertensão arterial, e neste contexto, a relevância do efeito  promíscuo do receptor 2 
adrenérgico e sua ação cardioprotetora. O receptor β2 adrenérgico  atua também via proteína 
G inibitória (Gi), diminuindo a disponibilidade de AMPc. Estes estudos conferiram a Robert 
Letkowitz a receber o prêmio Nobel em 2013 por sua pesquisa.  Este nobelista apresentou à 
comunidade científica os efeitos dos adrenoceptores acoplados a proteína quinase G 
(Heubach, Ravens et al. 2004, Lefkowitz 2013). 
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Os receptores -adrenérgicos (β1, β2 e β3) também podem exercer seu papel regulador 
do tônus vascular por meio da ativação e abertura de canais de potássio de pequena e média 
condutância sensíveis ao Ca
2+
 (SKca/IKca) localizados nas células endoteliais. Esta ativação 
ocasiona em primeira instância a hiperpolarização da célula endotelial. Esta hiperpolarização 
endotelial faz com que ocorra, com auxílio de junções gap mioendoteliais, abertura de canais 
de K
+
 de alta condutância sensíveis ao Ca
2+
 (BKca) na musculatura lisa,  o que resulta em 
subsequente hiperpolarização do musculo liso. Junto a esse fenômeno acontece o fechamento 
de canais de cálcio voltagem dependentes reduzindo dessa forma a interação do complexo 
Ca
2+
/Calmodulina e a fosforilação da cadeia leve de miosina, culminando em uma resposta 
relaxante (Matsushita, Tanaka et al. 2006, Neto, Rascado et al. 2006, Silva e Zanesco 2010, 
Garland, Hiley et al. 2011, Matsumoto, Szasz et al. 2012, Yarova, Smirnov et al. 2013).  
A ativação dos receptores β (β1, β2 e β3) também induz relaxamento pela via 
NO/GMPc. Este mecanismo envolve a participação de proteína quinase ativada por mitógeno 
(MEK), as MAPK (p42 e p44), ERK1/2 assim como a via do fosfaditil inositol 3 quinase 
(PI3K), aumentando a interação Ca
2+/
Calmodulina o que consequentemente leva a ativação da 
eNOS resultando na produção e atuação do NO (Dessy, Moniotte et al. 2004, Pourageaud, 
Leblais et al. 2005, Silva e Zanesco 2010, Conti, Russomanno et al. 2013, Ferguson e 
Feldman 2014, Perez-Aso, Flacco et al. 2014, Dhein, Gaertner et al. 2015).  
Os principais mecanismos de ação envolvidos na resposta α e β adrenérgica estão 




Figura 2:Vias de sinalização dos receptores adrenérgicos na célula endotelial e musculatura lisa. 
Mecanismo de ação dos receptores α adrenérgicos via acoplamento com a proteína Gq e subsequente ativação da 
fosfolipase C (PLC) com produção de trifosfato de inositol (IP3) e diacilglicerol (DAG), resultando em aumento 
de cálcio intracelular e contração na musculatura lisa. Via de ação dos receptores α adrenérgicos na célula 
endotelial. Mecanismo de ação dos receptores β adrenérgicos. Via clássica de ativação do receptor β adrenérgico 
na musculatura lisa pela interação com a proteína G estimulatória com ativação da adenilil ciclase e produção de 
AMPc com subsequente ativação da PKA levando a redução do cálcio intracelular com consequente 
relaxamento. Ativação do receptor β adrenérgico na célula endotelial e consequente ativação de proteínas-chave 
que levam a ativação da eNOS,  formação de óxido nítrico (NO) que por sua vez ativa a guanilato ciclase solúvel 
(GCs) causando assim a conversão de GTP em GMPc resultando desta forma,  redução da concentração de 
cálcio intracelular da musculatura lisa. Ativação do receptor β adrenérgico na célula endotelial ocasionando 
abertura de canais de K
+ 
ativados por cálcio no endotélio e subsequente abertura de canais de K
+





/ATPase gerando hiperpolarização na célula muscular lisa seguido de  fechamento dos canais de 
cálcio voltagem dependentes, levando a perda de afinidade entre o Ca
2+
 e o complexo Cálcio-calmodulina, 
resultando em diminuição fosforização da  miosina quinase da cadeia leve (MLCK) todas as vias resultam no 
relaxamento vascular. Receptor 2 adrenérgico atuando via proteína G inibitória. Ação da fosfodiesterase 
isoforma 3A(PDE3A) na realização da hidrólise de AMPc e GMPc. Receptores de adenosina atuando na 




A comunidade científica tem se esforçado para esclarecer a regulação exercida pelos 
receptores adrenérgicos. Modelos de hipertensão são utilizados há mais de 50 anos a fim de 
elucidar se as possíveis alterações de responsividade adrenérgica presentes em quadros de 
hipertensão são causas ou consequências da nova alostasia que o organismo se encontra 
(Ferguson e Feldman 2014, Jozsef Szentmiklosi, Szentandrássy et al. 2015). 
Hipertensão e o funcionamento elétrico cardíaco 
Embora ritmicidade e condutividade sejam características próprias do miocárdio, o 
sistema nervoso autonômico também influencia na atividade cardíaca. O coração é inervado 
tanto por fibras parassimpáticas, exercendo ação inibitória sobre o músculo cardíaco, quanto 
por fibras simpáticas, influenciando de forma excitatória o coração. Os dois átrios apresentam 
rica inervação simpática e parassimpática, ao passo que os ventrículos têm predominância de 
fibras simpáticas, em ambas as situações atuando por meio de receptores adrenérgicos.   
A modulação dos receptores adrenérgicos no coração influencia diretamente na 
atividade elétrica e alterações na condução estão envolvidos nas alterações decorrentes da 
hipertensão arterial.  Um método frequentemente utilizado em estudos de doenças 
cardiovasculares é o eletrocardiograma (ECG), pois reflete a atividade elétrica do coração de 
uma forma válida, confiável, com baixo custo e possível de repetição(Cuspidi, Rescaldani et 
al. 2012, Mozos e Caraba 2015). O ECG analisa os impulsos elétricos do músculo cardíaco 
resultando em um traçado eletrocardiográfico, composto por ondas, segmentos e intervalos, e 
a análise deste traçado permite o prognóstico da doença cardíaca (Mansur, Cury et al. 2006, 
Mozos e Caraba 2015). Os componentes que compõe o eletrocardiograma são: 
 Onda P: corresponde à despolarização atrial, sendo a sua primeira componente 
relativa ao átrio direito e a segunda ao átrio esquerdo, a sobreposição das suas 
componentes gera a morfologia tipicamente arredondada. O prolongamento da onda 
P tem sido associado com a hipertensão causada por disfunção endotelial e atraso 
na condução interatrial (Magnani, Gorodeski et al. 2011, de Luna, Platonov et al. 
2012); 
 Segmento PR: é o segmento entre o início da onda P e início do complexo QRS. É 
um indicativo da velocidade de condução entre os átrios e os ventrículos e 
corresponde ao tempo de condução do impulso elétrico desde o nodo 
atrioventricular até aos ventrículos. O espaço entre a onda P e o complexo QRS é 
provocado pelo retardo do impulso elétrico no tecido fibroso que está localizado 
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entre átrios e ventrículos (Magnani, Gorodeski et al. 2011, de Luna, Platonov et al. 
2012); 
 Complexo QRS: Corresponde a despolarização ventricular. É maior que a onda P 
devido a maior massa muscular dos ventrículos em comparação aos átrios (Mozos e 
Caraba 2015).  A duração do intervalo de QRS e a amplitude das ondas em 
separado estão relacionadas com a mortalidade no tratamento da hipertensão 
(Strauss, Selvester et al. 2008, Liew 2011); 
 Intervalo RR: O Intervalo RR ou Ciclo RR. É o intervalo entre duas ondas R. 
Corresponde à frequência de despolarização ventricular, ou simplesmente 
frequência ventricular (Brandão, Sampaio et al. 2014); 
 Segmento ST: período em que ocorre a sístole ventricular. O desnivelamento desse 
segmento pode ser indicativo de isquemia cardíaca (Nable e Lawner 2015); 
 Onda T: Corresponde a repolarização ventricular. Normalmente é perpendicular e 
arredondada. A inversão da onda T indica processo isquêmico (Nable e Lawner 
2015); 
 Intervalo QT: intervalo onde ocorre a despolarização e a repolarização ventricular. 
O prolongamento desse intervalo é indicativo de risco de morte súbita (Mozos e 
Caraba 2015); 
 Intervalo QTc: é o intervalo QT corrigido pela frequência cardíaca, de acordo com 
a fórmula de Bazzet (QT/√(RR) (Mozos e Caraba 2015); 
 Intervalo JT: é o período da repolarização ventricular.  Prolongamentos do intervalo 
QT e JT são considerados fatores de risco para doenças cardiovasculares(Crow, 
Hannan et al. 2004) (Zulqarnain, Qureshi et al. 2015). 
  




Figura 3: Composição de ondas do eletrocardiograma normal, adaptado de Feldman, 2004 
Anormalidades na atividade elétrica do coração podem ser indicativas de complicações 
decorrentes da hipertensão, tais como insuficiência cardíaca e até mesmo morte súbita (Mozos 
e Caraba 2015). Dessa maneira torna-se fundamental a investigação destas alterações 
cardíacas na hipertensão (Laurent e Boutouyrie 2015). 
Adipocinas e o sistema cardiovascular  
A produção das adipocinas e citocinas inflamatórias tem influência direta nas doenças 
cardiovasculares e alteram a funcionalidade vascular, ocasionando disfunção vascular, que 
implicam na hipertensão (Lobato, Neves et al. 2012, Van de Voorde 2014).  
Podemos considerar em relação à hemodinâmica vascular que as adipocinas e 
citocinas inflamatórias são divididas em benéficas e maléficas, dentre as quais a adiponectina 
se destaca como uma adipocina protetora, devido aos seus efeitos antagônicos aos das 
citocinas inflamatórias. As adipocinas por sua vez são consideradas deletérias, e entre estas 
podemos incluir as citocinas inflamatórias, como IL-1β e IL-6 (Carvalho, Colaço et al. 2006, 
Yamawaki 2011).  
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Estudos demonstram a existência de elevada liberação de citocinas pró-inflamatórias 
juntamente com disfunção endotelial na hipertensão arterial, devido ao fato de que pessoas 
hipertensas tem alta capacidade de produzir citocinas pró-inflamatórias (Kershaw e Flier 
2004, Vila e Salaices 2005, Dorrance 2007). Ao passo que a hipertensão arterial está 
relacionada à diminuição de adiponectina, em que a concentração plasmática desta adipocina 
está baixa em pacientes afetados com a hipertensão essencial quando comparados com 
indivíduos normotensos (Tesauro, Canale et al. 2011).  
Embora haja na literatura informações recorrentes da quantificação plasmática de 
adipocinas, bem como análises na quantificação molecular dos seus receptores nos diferentes 
sistemas envolvidos nas doenças cardiovasculares e metabólicas, os mecanismos de ação 
diretos ou indiretos das adipocinas no sistema cardiovascular não estão elucidados. 
Nesta tese, nos propusemos a avaliar dois modelos de hipertensão com hiperatividade 
simpática já bem estabelecida pela literatura. O modelo de hipertensão por inibição crônica da 
óxido nítrico sintase endotelial, considerada uma forma de estresse ambiental (que 
chamaremos de hipertensão induzida-HI) (Biancardi, Bergamaschi et al. 2007) e o modelo de 
hipertensão espontânea, considerada uma forma de estresse essencial (denominado nesta tese 
de hipertensão genética-HG) (Fazan Jr, Silva et al. 2001, Berg 2014). Desta forma, como 
objetivo desta tese temos:  
- Objetivo Geral:  
Analisar a reatividade vascular, a função cardíaca e as vias de sinalização celular 
envolvidas nestas respostas dos dois modelos de hipertensão: a induzida pela inibição crônica 
da óxido nítrico (NO) sintase (L-Name) e a genética, ratos espontaneamente hipertensos 
(SHR),  bem como seus respectivos controles, Wistar (W) e Wistar-Kyoto (WKY). 
- Objetivos Específicos:  
 - Avaliar a reatividade vascular de dois modelos de hipertensão com 
hiperatividade simpática, induzida e genética, ao agonista alfa adrenérgico fenilefrina e ao 
agonistas beta-adrenérgico não seletivo, isoproterenol; 
- Avaliar a reatividade vascular em presença, ou não, e antagonistas específicos 
e/ou inibidores enzimáticos em anéis de aorta com e sem endotélio, isoladas de ratos, nos 
modelos de hipertensão propostos; 
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- Avaliar a expressão de proteínas chave na regulação α e β adrenérgica vascular 
nos modelos de hipertensão propostos; 
- Avaliar os parâmetros pressóricos e eletrocardiográficos nos modelos de 
hipertensão genética e induzida; 
- Avaliar expressão de adipocinas e citocinas inflamatórias no coração de ratos 
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Background and Purpose: Sympathetic hyperactivity linked to chronic stress is a 
factor for the development of hypertension, and is directly involved with the action of 
adrenergic receptors. Experimental models of hypertension are used to elucidate the 
mechanisms will involve in the disease. However the model of hypertension induced by 
inhibition of nitric oxide, the mechanisms of action of adrenergic receptors are not yet fully 
understood. In this context, this study has as objectives to evaluate the vascular reactivity to 
the adrenoceptors and the cell signaling, in this hypertension model.  
Experimental Approach: Male Wistar rats of 15 weeks-old, were used for the 
analysis. Concentration response curve was performed phenylephrine (α adrenergic agonist) 
and isoproterenol (non-selective adrenergic agonist β). Subsequent pharmacological study 
was carried out with inhibitor of endothelial nitric oxide synthase, guanylate cyclase inhibitor, 
inhibitor of adenosine receptors and phosphodiesterase 3A and antagonist receptor  β1 It was 
quantified expression of key proteins involved in modulating vascular tone and alpha and beta 
adrenergic receptors  
Key results:  
Hypertension induced by chronic administration of L-NAME caused increased 
sensitivity to alpha adrenergic response induced Phe accompanied with a reduction in R max 
and AUC of the same agonist. This phenomenon was endothelium-dependent. When the 
endothelium is intact, the contractile response of Phe has modulation induced by NO 
pathway. Thus, we can infer that the increase in sensitivity to Phe may be due to changes in 
the expression of proteins involved in NO-pathway, such as decreased expression PKG and 
PI3K. The increased in Phe-sensitivity can also be due to a reduction in the degradation of the 
second messenger caused by expression decreased of PDE3A. The reduction in Rmax and 
AUC for Phe in turn can be explained by expression reduced of Gq even with increased 1A-
adrenoceptor expression. The vascular response to beta adrenergic agonist was reduced in this 
model of hypertension and this effect was dependent of endothelium integrity. Aortic rings 
showed an increase in the 1 expression accompanied by a reduction in the 3 expression, and 
unchanged at 2. Probably the reduction of the beta vascular effect was mainly due to the 
decrease in the expression of SERCA2 and NO pathway, which was committed to the 
decrease of PKG and PI3K expression. The decrease in expression A2A receptors caused no 
alterations in the basal tonus in this experimental model. The reduction in GR expression 
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confirms the involvement of corticosterone in the responses provided by this chronic stress 
model. 
Conclusion and Implications: We suggest that the changes observed in this model, 
the experimental conditions analyzed, whether resulting from an adaptive response to 
treatment in an attempt to establish new allostasis. Unravel the mechanisms involved in the 
interaction between the adrenergic receptor in the pathogenesis of hypertension is considered 
important and can contribute to better understand the complexity of hypertension. 
 






Introduction   
Stress is a term globally known defined and popularized by Hans Selye in 1936, 
proposing the general adaptation syndrome with active participation of the hypothalamic 
pituitary adrenal axis (HPA) (Selye, 1946). In 1998, Bruce McEwen redirected medical 
research to a new way of thinking, spreading the concept of allostasis, defined by Sterling e 
Eyer in 1988, which considers the body constantly adapting and thus the establishment of a 
new equilibrium through allostatic mechanisms (Sterling et al., 1988; McEwen, 1998). 
Proceeding from this concept, in response to chronic stress, deregulation of allostatic 
mechanisms occurs, with the consequential increase of adrenaline and circulating cortisol, 
causing sympathetic over activation. These responses leads to downregulation of 
glucocorticoid receptors, leading to state of allostatic overload, promoting the development of 
diseases with emphasis to the cardiovascular diseases (McEwen, 1998; Seeman et al., 2001; 
McEwen, 2004; Juruena et al., 2004; Hamer et al., 2012; Peters et al., 2015). 
Among the cardiovascular diseases, an important highlight is given to the arterial 
hypertension, that due to the progressive increase of its prevalence and the complex and 
challenging physiological processes, instigate the research community each day more, to 
elucidate the mechanisms related to it is ethology (Briasoulis et al., 2013; Vaněčková et al., 
2014).  
Hypertension is widely linked to allostatic overload, and the growing number of 
research shows the relevance of this correlation (Dzau, 1986; Seeman et al., 2001; McEwen, 
2004; Brotman et al., 2007; Logan et al., 2008; McEwen et al., 2015; Peters et al., 2015). The 
animal models of arterial hypertension are fundamental tools to the advance in medical 
research knowledge, as well as the clinical applicability, thus allowing the comprehension of 
the source and progression of the disease (Badyal et al., 2003; Dornas et al., 2011).  
It has been well established that the arterial pressure control is regulated mainly by the 
vascular equilibrium, highlighting to the nitric oxide molecule, performing a critical role to 
the vascular tone regulation (Furchgott et al., 1980; Bernatova, 2014; Lee et al., 2015). 
The nitric oxide arising from the endothelial cells is resulting from the previous 
stimulus of the endothelial nitric oxide synthase (eNOS) enzyme. This way, the hypertension 
induced by the eNOS inhibitor model, L-NAME, was one of the first to be developed in the 
disease investigation and, even nowadays, is one of the most viable study models of the 
vascular response after chemical inhibition by systemic eNOS (Ribeiro et al., 1992; Zatz et 
al., 1998b; Goessler et al., 2015; Leo et al., 2015). 
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Even with the research dissemination by the means of this experimental model, it has 
been not clarified all of the mechanisms involved in the vascular research after the treatment 
with L-NAME (Leo et al., 2015).  
In addition to the changes in vascular reactivity, resulting from the unbalanced 
endothelial production of contractile and relaxing substances, the sympathetic nervous system 
activated also contributes to the arterial hypertension development (Silva et al., 2010; 
Ferguson et al., 2014; Sousa et al., 2015). The activation of the sympathetic tone in 
hypertension releases higher amounts catecholamines, increasing the vascular tone (Lopes et 
al., 2000; Smith et al., 2004), as well the circulating cortisol is increased in response to the 
sympathetic stimulus on the adrenal cortex (Quinkler et al., 2003; Dickmeis, 2009; 
Martocchia et al., 2015). Sympathetic over activation due to chronic stress can increase blood 
pressure values with vascular remodeling due to that the sympathetic higher stimulation 
which has been identified as one of the etiological factors of hypertension (Feihl et al., 2008; 
Flaa et al., 2008; Pereira et al., 2012). 
An excitatory change of the sympathetic source has been related to be one important 
role in the beginning and maintenance of the L-NAME-induced hypertension (Biancardi et 
al., 2007).  
The vascular bed receives innervation of sympathetic nervous fibers que act via 
adrenergic receptors, modulating vascular tone through contraction or vascular relaxation, 
considered being the crucial regulators of the cardiovascular system (Omar et al., 2013; 
Oliver et al., 2014). It is known that adenosine receptors are directly influence the control of 
vascular tone, the most prevalent adenosine receptors A1 and A2A respectively leading to 
decrease or increase the availability of AMP, and changes in the release of cAMP are directly 
linked to functionality adrenergic response through the action of its receptors.  
However, the involvement of these receptors in the vascular scope of the L-NAME-
induced hypertension model is not well established. In this context, this study has as 
objectives to evaluate the vascular reactivity to the adrenoceptors and the cell signaling, in 
this hypertension model.  
Methods 
Animals and treatments 
 Male Wistar rats, 361.9 ± 5.4 g, provided by Multidisciplinary Center for Biological 
Research (CEMIB, http://www.cemib.unicamp.br) (n = 33) were randomly divided into two 
groups: normotensive control (W) and induced hypertension by L-Name (IH). The treatment 
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of hypertension was induced 40 mg/kg/day in drinking water for 5 weeks starting 10 weeks of 
age (Paulis et al., 2010; de Araujo et al., 2013). The concentration of L-NAME was adjusted 
according to the total weight and water consumption of animals, three times a week. The 
animals were acclimatized under standard laboratory conditions, i.e. constant temperature (22 
± 2°C) and light-dark cycle of 12/12 hours light cycle beginning of 6:30 min. During the 
experiments, rats were treated according to the rules established by Olfert et al., (1993) 
(Olfert et al., 1993) for the use of animals for research and teaching. Feed and water were 
provided daily ad libitum.  
After treatment the mean arterial pressure was W=106.9±22.9 mmHg and IH 
=145.16±12.36 mmHg, confirming the hypertensive frame. This analysis was performed by 
arterial catheterization in which, in short, a cannula (PE 50) into the right carotid artery of 
anesthetized animals, and connected to a pressure transducer strain-gauge type connected to a 
MLS370 amplifier/7 blood pressure Module (ADInstruments - Australia) and data acquisition 
system PowerLab 8/30. To analyze the results we used the Software LabChart Pro 
(ADInstruments - Australia) (Conceicao-Vertamatti, Ramos et al. 2015). 
The rats were fasted for 16 hours and were anaesthetized with Zoletil 50® at a dose of 
1.16 mL per kilogram of body weight and Anazedan® at a dose of 0.56 mL per kilogram 
body weight (Machado et al., 2009) and euthanasia was performed by deepening of anesthesia 
after exsanguination by cardiac puncture. 
All procedures and protocols were approved the Ethics Committee on Animal Use 
CEUA (protocol 2615-1). For each experimental protocol was used with endothelium rings 6 
and 6 without endothelium from different rats, as done in Conceição-Vertamatti et al., 2015 
(Conceição-Vertamatti et al., 2015).  
Drugs, Chemicals and antibodies 
Phenylephrine, (-)-Isoproterenol hydrochloride, Metoprolol, Caffeine (Sigma 
Chemical Co. St Louis, MO, EUA); L-NAME hydrochloride, ODQ (Enzo Life Sciences 
International, Inc.5120 Butler Pike, Plymouth Meeting, PA 19462). Antibodies: α1R sc:-1477-
goat polyclonal; β1R sc:568-rabbit polyclonal, β2R sc:569-rabbit polyclonal; β3R sc:1473-goat 
polyclonal; Gαq sc:136181-mouse monoclonal; Serca2 sc: 8094 goat polyclonal; GR sc: 
56851-mouse monoclonal; PDE3A sc:11830-goat polyclonal; A cyclase sc:1701-rabbit 
polyclonal; Adenosine A1-R sc: 7500-goat polyclonal; Adenosine A2A-R sc:7504-goat 
polyclonal  obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA); β-actin ab-
8227-rabbit polyclonal, Gs ab-101736-goat polyclonal; Gi ab-140125-rabbit polyclonal; 
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MLCK ab-55475-mouse polyclonal e eNOS ab5589-rabbit polyclonal obtained from Abcam; 
PKG C8A4-rabbit polyclonal (Cell Signaling Technology, Danvers, MA).  
Aorta Preparation 
To study vascular reactivity animals had the chest opened through a midline incision, 
and the thoracic aorta was removed and divided into four rings approximately 4 mm. Of these, 
two rings were mechanically removed from the inner surface of the endothelium of the aorta, 
with the aid of a cotton swab, and the other two remaining rings to remain intact endothelial 
layer (Conceição-Vertamatti et al., 2015). 
Each ring was mounted on two stainless steel hooks, to the lower part through the 
inside of the ring and placed individually in a tub located in an isometric transducer voltage 
(BIOPAC System, MP100, USA) containing 10 mL of physiological Krebs-Hanseleit solution 
composed NaCl, 115.0; KCl, 4.6; NaHCO3, 25.0; MgSO4.7H2O, 2.5; CaCl2.2H2O, 2.5; 
KH2PO4, 1.2; Glucose, 11.0 Ascorbic Acid and 0.11 (in mmol/L) at 37 °C continuously 
bubbled with 95% O2: 5% CO2. And after installing the aortic ring in the tub was induced one 
1.5 gF voltage, which is maintained throughout the experiment. The rings remained stabilized 
for a period of 60 minutes, this protocol assay followed Conceição-Vertamatti et al., 2015 
(Conceição-Vertamatti et al., 2015)  
Curve concentration response-CCR 
For the analysis of αAR receptor was performed cumulative concentration-effect curve 




M). To investigate the βAR receiver was held 






In order to better elucidate the mechanism of action involved, assays were 
supplemented with pharmacological investigation of the NO pathway as well as the influence 
of phosphodiesterase. For this study, the rings with and without endothelium were previously 
incubated with enzyme inhibitors in concentrations specified in the literature L-NAME; 10 
M (Grassi-Kassisse et al., 1996), Metoprolol; 1 M (Grassi‐Kassisse et al., 2003), ODQ; 10 
M (Conceição-Vertamatti et al., 2015)  and Caffeine; 100 M, (Fredholm et al., 1999).  
All salts used to prepare the Krebs-Hanseleit solution were the standard ACS 
(American Chemical Society). The stock solutions of phenylephrine and (-)-Isoproterenol 
hydrochloride, were prepared in ascorbic acid 2% solution and stored at -20 °C. 
Western blotting analyses 
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The quantification of the protein expression was determined by Western Blotting 
(WB) technique, according to Solon et al, 2012 (Solon et al., 2012). Fragments of aortic rings 
were extracted and subjected to homogenization in 1.0 mL of extraction buffer (100 mmol/L 
sodium pyrophosphate, 10 mmol/L sodium ortovanadate, 100 mmol/L sodium fluoride, 10 
mmol/L EDTA 100 mmol/L Trisma base, 10% SDS) per 100 mg of tissue at 4 °C. Cell 
fragments were centrifuged for 40 minutes; 11.000 rpm; 4 °C, being only used the 
supernatant. The determination of the total protein content was performed by the Bradford 
method (Bradford, 1976).   
Subsequently, reading of the proteins was accomplished with a spectrophotometer 
with a wavelength of 595 nm, 22 °C. Immune complexes containing 25 g proteins were 
suspended in Laemmli buffer containing 100 mM DTT (Dithiothreitol). After fast boiling in a 
dry bath, proteins were applied and separated by polyacrylamide gel electrophoresis in 
presence of sodium dodecyl sulfate (SDS-PAGE) and transferred to nitrocellulose membrane 
in transfer apparatus of BIO-RAD (Trans-Blot ® SD Semi-Dry Transfer Cell / US). 
The nitrocellulose membrane was incubated for 48 hours with specific antibody. 
Antibody binding to nonspecific proteins was minimized by nitrocellulose membrane pre-
incubation with blocking buffer (3% milk or 1% gelatin, 10 mM Tris, 150 mM NaCl, 0.02% 
Tween 20) overnight. After quantification, some membranes have undergone stripping. 
Supplementary material was prepared showing each WB assay and is presented in annex 3.  
Protein bands were visualized by reaction with secondary antibodies, conjugated to 
peroxidase 'and detected by chemiluminescence in Image Quant ™ LAS device 4000 (GE 
Healthcare Bio-Sciences AB). The quantification of the bands was done by densitometry 
(UN-SCAN-IT Graph Digitizer, Silk Scientific / USA) and was normalized by β-actin (Solon 
et al., 2012; Chausse et al., 2014).   
Aorta Histology 
The aortic rings were placed in formalin solution (200 mL distilled water and 50 mL 
of 40% formaldehyde and 250 ml of phosphate buffer 0.2 M, pH 7.4) for 24 hours. Then 
washed with 70% ethanol and stored in this solution until the day of inclusion in paraffin. 
For inclusion tissues were dehydrated in ascending series of ethanol solution to 
absolute alcohol, after made clarification in xylol (alcohol- xylol 1:1 to pure xylol) and 
impregnation in xylol-paraffin (1:1) then included in blocks was performed at 58 
o
C in 
Paraplast. The aortic rings properly included and pasted on wooden blocks and cut into 5 mm 
thick in microtome Micron HM340E (Thermo Fisher Scientific, USA). About 3 sections were 
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placed on each slide. After deparaffinization, the sections were stained with hematoxylin and 
eosin. The images were captured in an optical microscope Leica DM45008 (Leica 
Microsystems) and analyzed using the software Image J (Conceição-Vertamatti et al., 2015). 
Statistical analysis 
For each experimental protocol was used with endothelium rings 6 and 6 rings without 
endothelium from different rats. All analysis was performed as response produced in gF for 
agonists studied, in absence or presence enzyme inhibitors or antagonists specified. The 
results were considered within the normal Gaussian distribution using the Kolmogorov-
Smirnov test, after the establishment of normality, then the data was analyzed by ANOVA 
followed by Dunnett and applied Student t test as appropriate. The results are presented as 
mean ± standard error of mean (SEM).  The calculation of the pD2 (- log EC50) and maxima 
response (Rmax) values of CCR from phenylephrine, and area under curve (AUC) of values of 
CCR from isoproterenol were done in tension response and using gF unit. For all analysis we 
used the Prism software (GraphPad Software Inc., USA), p values less than 5% were 
considered significant. Due to the appearance of biphasic curve in the analysis of the 
isoproterenol effects, we analyze the data in AUC, avoiding misunderstandings in the 
interpretation of statistics. 
Results 
Histological analysis  
Histological analysis indicated the presence (Figures 1A and 1C) and absence (Figures 
1B and 1D) of endothelial cells in aortic rings isolated of normotensive (Figures 1A and 1B) 




Figure 1: Photomicrographs of (A, C) aortic rings with endothelium (e+) and (B, D) without endothelium (e−) 
isolated from normotensive and hypertensive rats, arrows indicate the presence of endothelial cells 
  
Basal tone  
In this study, the absence of the endothelium did not significantly alter the basal tone 
of aortic rings in the normotensive group (W) (Table 1). In the presence of the endothelium, 
inhibition of guanylate cyclase, showed a significant increase in the basal tonus (ODQ, 10 
µM). However, the inhibition of phosphodiesterase and A1 and A2A adenosine receptors 
(Caffeine, 100 M), caused a significant decrease in basal tone in rings with and without 
endothelium in this same group (Table 1). 
There was no significant difference in the hypertensive group (IH), in relation to the 
control group, in both conditions, with and without endothelium (Table 1).  
In the IH group, in rings with endothelium, the antagonists and enzyme inhibitors used 
did not significantly modify the basal tone. However, in rings without endothelium, inhibition 
of guanylate cyclase (ODQ, 10 M) significantly decreases the basal tone (Table 1). 
α adrenergic response 
In pD2 analysis, in the W group, the removal of endothelium increased the sensitivity 
of aortic rings to the alpha adrenergic agonist phenylephrine (Phe). The antagonists and 
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enzyme inhibitors used did not significantly alter the pD2 values in any experimental 
conditions, with and without endothelium (Table 1, Figure 2). 
Aortic rings with endothelium of IH rats were more sensitivity to Phe compared to W 
rats under the same conditions. However, the endothelium removal canceled this sensitivity 
alteration (Table 1, p<0.05). These results show that under hypertension the aortic rings with 
endothelium have the same behavior as without endothelium to Phe sensitivity. 
As in the group W, antagonists and enzyme inhibitors did not significantly alter the 
pD2 values of the IH group in both conditions, with and without endothelium (Table 1, Figure 
2). 
In aortic rings of W rats, the Phe-Rmax values are not modified when endothelium 
was removed. In aortic rings with endothelium from W rats the inhibition of 1AR 
(Metoprolol, 1 M), phosphodiesterase and adenosine receptors A1A and A2A (Caffeine, 100 
µM) and guanylate cyclase (ODQ, 10 µM), significantly decreased the Phe-Rmax response. 
In aortic rings without endothelium, significantly decrease in Phe-Rmax response was 
observed only when guanylate cyclase was inhibited (Table 1). 
In aortic rings with endothelium of IH rats, the Phe-Rmax was significantly lower 
when compared with control ones. There was no difference in Phe-Rmax between IH and W 
rats in rings without endothelium (Table 1). 
The inhibition of phosphodiesterase and adenosine receptors A1A and A2A (Caffeine, 
100 µM), as well as inhibition of guanylate cyclase (ODQ, 10 µM,), in the IH group, 
promoted significantly decreased the Rmax in rigs without endothelium, but these same agents 
did not alter the values Rmax in the presence of endothelium (Table 1). 
In the rings with endothelium, in the W group, the Phe area under the curve (AUC) 
response was not significantly different from rings without endothelium (Table 1). 
Inhibition of phosphodiesterase and adenosine receptors A1A and A2A (Caffeine, 
100µM), and also inhibition of guanylate cyclase (ODQ, 10 µM), reduced the Phe AUC 
response in W rats in both conditions, with and without endothelium (Table 1). 
In IH animals, only the rings with endothelium, showed reduction in Phe-AUC 
response compared to W rats (Table 1, p<0.05) 
The inhibition of phosphodiesterase and adenosine receptors A1A and A2A (Caffeine, 
100 µM), decreased Phe-AUC response in the presence and absence of endothelial cells, but 
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under guanylate cyclase inhibition (10 µM, ODQ) there was a significantly reduction in Phe- 




Concentration effect curve to phenylephrine, in aortic rings with and without endothelium, isolated by control (Wistar) and hypertensive rats (Induced 
Hypertension) 
Wistar Induced Hypertension 
 Basal tone (gF) Phenylephrine (gF) Isoproterenol (gF) Basal tone (gF) Phenylephrine (gF) Isoproterenol (gF) 
 









e+       e+     








+ Metoprolol 1.562±0.093 -5.974±0.356 2.207±0.562@ 4.895±1.644 2.241±0.523
*
 1.539±0.088 -6.853±0.865 0.391±0.179 1.402±0.419 1.519±0.564
@ 
+ L-NAME 1.572±0.100 -6.354±0.225 2.617±0.399 6.528±1.142 4.193±1.020 1.532±0.083 -6.494±0.147 1.799±0.595 4.758±1.622 3.236±0.513 




 1.465±0.056 -6.823±0.640 0.377±0.241 1.481±0.628
@ 2.689±0.530 






 1.587±0.193 -5.422±0.149 1.033±0.227 2.149±0.506 4.210±0.611 
e-      e-     
No Antagonist 1.350±0.030 -6.815±0.182
$
 2.553±0.450 7.636±1.501 2.446±0.578
$ 1.413±0.022 -6.782±0.213 2.186±0.370 5.576±1.357 2.571±0.504 
+ Metoprolol 1.495±0.077 -6.338±0.321 2.355±0.536 6.250±1.684 1.845±0.835 1.544±0.127 -6.877±0.130 1.733±0.237 5.016±1.067 3.622±2.736 
+ L-NAME 1.561±0.153 -6.309±0.222 2.459±0.366 6.623±1.255 2.190±0.504 1.409±0.069 -6.820±0.167 2.680±0.524 7.561±1.549 2.663±0.834 
+ Caffeine 1.080±0.076
@
 -6.364±0.195 1.827±0.406 4.738±0.837
@ 2.142±0.553 1.369±0.113 -6.164±0.226 0.789±0.193
*@ 1.962±0.532
*@ 1.800±0.164 
+ ODQ 1.318±0.038 -6.030±0.195 0.670±0.108
*@  1.890±0.202
*@ 0.864±0.115




Table 1: Values of mean ± SEM concentration effect curve to phenylephrine compared to the antagonist, and enzyme inhibitors in gF (n = 5-7). * Inhibitor or antagonist in the 
control of the same group (ANOVA followed by Dunnett test, p <0.05). # IH vs W in the control condition (Student t test, p <0.05). @ Inhibitor or antagonist in the control of 
the same group (Student t test, p<0.05) $ W and IH in condition e
+ 
(with endothelium) vs e
-
 (without endothelium)(ANOVA followed by Dunnett test, p<0.05).
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M) in aortic rings (a, c) with and 
(b, d) without endothelium of Wistar rats and hypertensive Induced by L-NAME, (n=5-7). Anova followed by 
Dunnett test, or Student t test (W vs IH) p <0.05. 
  adrenergic response  
All CCR induced by (-)-Isoproterenol hydrochloride are present in gF at Figure 3, and 






































































M) in aortic rings 




In aortic rings isolated of Wistar rats, the absence of the endothelium promoted 
reduction in the Isoproterenol-AUC response when compared with results in rings with 
endothelium (Table 1, p<0.05).  
The inhibition β1-AR (Metoprolol, 1 M) in W rats significantly reduced the 
Isoproterenol-AUC response of the rings with endothelium however did not induced any 
alterations in rings without endothelium. The same effect can be observed with inhibition of 
phosphodiesterase and adenosine receptors A1 and A2A (Caffeine, 100 µM,), in the rings with 
endothelium. The inhibition of guanylate cyclase (ODQ, 10 µM) reduces in the AUC in both 
conditions, with and without endothelium (Table 1) when compared with controls conditions. 
The IH group showed lower Isoproterenol-AUC response in rings with endothelium, 
compared to animals W in the same conditions. There was no significant alteration in rings 
without endothelium (Table 1, p<0.05). As the W group, in the presence of endothelial cells, 
inhibition of β1-AR reduced Isoproterenol-AUC response. Antagonists and enzyme inhibitors 
used did not alter the Isoproterenol- AUC response in rings without endothelium (Table 1). 
Analysis Western Blotting 
In this work, the quantification of the key factors in the maintenance and regulation of 
vascular tone, were held in aortic rings with endothelium, and results were analyzed 
comparing hypertension effect versus control aortic rings. 
We analyze the effect of treatment with L-NAME in their respective target enzyme, 
under these experimental conditions there were no significant changes in eNOS expression, 
IH vs W. (Figure 4). 
Analyzing NO/cGMP pathway demonstrate a reduction of protein kinase G (PKG) in 
aortic rings of IH rats (Figure 4). 
Also related to maintenance of vascular tone we quantify the expression of the 
phosphodiesterase pathway, and observed that in this model of hypertension there was a 
decrease expression in phosphodiesterase 3A (PDE3A). There was no significant change in 
A1A  and  A2A receptor expression.   
We observed a reduction in expression of glucocorticoid receptor (Figure 4). 
In investigation of via alpha adrenergic, it was a significant increase in the expression 
of α1A-AR , and significant decrease in expression of the Gαq protein. There was no alteration in 
the expression of myosin light chain kinase (MLCK) this protein is responsible for the light 
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chain of myosin phosphorylation and subsequent initiation of smooth muscle contraction 
(Figure 5). 
We also quantify the key factors of the β adrenergic pathway in aortic rings of IH rats 
and observed significantly increased expression of β1-AR, no changes in β2-AR expression and a 
decreased in β3-AR expression. No significant changes were observed in the expression of 
stimulatory G protein (Gs) and inhibitory G protein (Gi). This model also showed no 
significant changes in the adenylate cyclase (AC) and PKA expressions. We assessed the 
expression of the enzyme Ca-ATPase (SERCA2). This protein is responsible for receiving 
calcium into the sarcoplasmic reticulum in order to lower the calcium concentration in smooth 
muscle cells leading to vascular relaxation. In aortic rings of IH rats the expression of 









































































































Figure 4: After Obtaining the stratum total protein, of intact aortic rings, preparation was carried SDS-PAGE for 
quantification of proteins responsible for the maintenance of basal vascular tone. A) Expression of nitric oxide 
pathway (eNOS and PKG). B) Expression pathway adenosine (PDE3A, A1A, A2A). C) Expression of 
glucocorticoid receptor (GR). All assays were normalized β-actin. * The normalization was performed with -
actin concomitantly the same samples for proteins PDE3A, A1A, A2A and eNOS. ** Membranes of NO pathway 
and adenosine were used to obtain the first A1A and stripping then conducted to obtain the following proteins 
A2A, eNOS. The supplementary materials showing each assay can be access at Annex 3. 
#
 Induced Hypertension 




Figure 5: After obtaining the stratum total protein, of intact aortic rings, preparation was carried SDS-PAGE for 
quantification of alpha adrenergic. The following proteins and enzymes were quantified α1a-AR, Gαq protein, 
myosin light chain kinase (MLCK), all assays normalized by β-actin. * The normalization was performed with 
-actin concomitantly the same samples 1, Gs, Gi, PKA (figure 6) 1A (Figure 5), Serca 2 (figure 6), PKG 
(figure 4), Gq and MLCK (figura5) ** the membrane used to obtain the 1 (Figure 6) was then used for stripping 
PKA protein (Figure 6). *** the membrane used to obtain the Gs (Figure 6) was then used for stripping for Serca 
2 (Figure 6.) and Gq (Figure 5).**** the membrane used to obtain the 1A  (Figure 5) was then used for stripping 
for PKG  (figure 4) and MLCK (Figure 5).The supplementary materials showing each assay can be access at 
Annex 3. 
#







































































































































Figure 6: After obtaining the stratum total protein, of intact aortic rings, preparation was carried SDS-PAGE for 
quantification of alpha adrenergic. The following proteins and enzymes were quantified 1-AR, 2-AR, 3-AR Gs, Gi, 
AC, PKA, Serca2, all assays normalized by β-actin. * The normalization was performed with -actin 
concomitantly the same samples 1, Gs, Gi, PKA (figure 6) 1A (Figure 5), Serca 2 (figure 6), PKG (figure 4), 
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Gq and MLCK (figura5) ** the membrane used to obtain the 1 (Figure 6) was then used for stripping PKA 
protein (Figure 6). *** the membrane used to obtain the Gs (Figure 6) was then used for stripping for Serca 2 
(Figure 6.) and Gq (Figure 5).**** the membrane used to obtain the 1A  (Figure 5) was then used for stripping 
for PKG  (figure 4) and MLCK (Figure 5).The supplementary materials showing each assay can be access at 
Annex 3. 
#
Induced Hypertension vs Wistar (Student t test, p <0.05). 




Figure 7: Schematic representation of the molecular effects produced by arterial hypertension induced by L-
NAME, 40 mg/kg/day for 5 weeks, in the drinking water. A) Performance of alpha-adrenergic receptor in rat 
aorta after activation is coupled to Gq protein with subsequent activation of phospholipase C and formation of 
second messengers IP3 and DAG. IP3 acting directly on the sarcoplasmic reticulum with decreased calcium 
uptake by Ca-ATPase SERCA2, increasing intracellular calcium concentration. DAG activates protein kinase C 
with consequent increase in intracellular calcium concentration. Resulting in vascular contraction. Beta 
adrenergic receptor performance in rat aorta by classic pathway coupling with Gs and/or Gi protein, with 
subsequent activation of adenylate cyclase and increases cAMP which activates protein kinase A, and decreases 
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the concentration of intracellular calcium. Performance of beta adrenergic receptors by the NO pathway with 
eNOS activation and subsequent production of nitric oxide in the endothelium, activation of guanylate cyclase in 
smooth muscle and consequent activation of PKG, a reduction of intracellular calcium. Performance of beta 
adrenergic receptors by hyperpolarization of endothelial cells originating from the calcium-dependent K 
channels activation (IKca / SKca) with consequent hyperpolarization of the smooth muscles with the help of gap 
myoendothelial joints along the opening of calcium-dependent high conductance K channel in the smooth 
muscle, with closure of voltage-dependent calcium channels and a decrease in intracellular calcium. The three 
pathways of beta adrenergic receptors resulting in vascular relaxation. B) Effects of protein expression in the 
signaling pathway of alpha and beta adrenergic receptors resulting from induced hypertension. Reduction in 
protein expression Gq and Serca 2. Increase of adrenergic receptor beta1 and reduced beta adrenergic receptor 3, 
reduction of PI3K, increased expression of guanylate cyclase and decreased expression of PKG, decreased 




Stress is a widely studied topic. Our laboratory has been studying the changes of 
different subtypes of adrenoceptors in different stress rats models in isolated adipocytes 
(Sampaio-Barros et al., 2003; Farias-Silva et al., 2004) and right atrium (dos Santos et al., 
2004).  The experimental model of hypertension induced by L-NAME is considered an 
environmental stress model. The sympathetic nervous system acting through adrenoceptor 
activation mediated by catecholamines and has an important role in the pathogenesis of 
hypertension (Ferguson et al., 2014). In this study, we analyze vascular reactivity and the 
behavior of adrenergic receptors in this model of hypertension. 
Chronic inhibition of eNOS by the administration of L-NAME in drinking water, is 
considered one of the best models for the study of hypertension, due to the fact that it causes 
systemic hypertension sustained, and highlights the key role of nitric oxide in the maintenance 
of vascular tone (Baylis et al., 1992; Henrion et al., 1997; Zatz et al., 1998a; Leo et al., 2015), 
and in our treatment with L-NAME in drinking water for 5 weeks (40 mg/kg/day) 
hypertension was installed successfully. 
Based on the importance of vascular balance initially evaluate the basal tone of the 
animals the W group, there was no significant change in basal tone on condition of presence 
and absence of endothelium, as a characteristic of this equipment. . Absence of changes in the 
initial tone can also be observed in the hypertensive group, in both conditions with and 
without endothelium. 
The molecule of nitric oxide plays a crucial role in the regulation of vascular tone, and 
is considered one of the main molecules that affect the vascular relaxation. NO is produced 
after stimulation of endothelial nitric oxide synthase (eNOS), and acts directly activating 
guanylate cyclase enzyme in vascular smooth muscle. After the activation of sGC occurs 
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conversion of guanosine triphosphate (GTP) into cyclic monophosphate (cGMP), with 
subsequent activation of protein kinase (PKG), resulting in vascular relaxation (Dusse et al., 
2003; Vanni et al., 2007; Giles et al., 2012; Barrett et al., 2013; Rodrigues et al., 2013; Kang, 
2014; Wobst et al., 2015). 
In aortic rings with endothelium of control rats the inhibiting the action of the enzyme 
guanylate cyclase, significantly increases the basal tone, which is consistent with the action of 
nitric oxide in blocking smooth muscle cell, therefore preventing the relaxing action in this 
way (Garthwaite et al., 1995; Ling et al., 2015). In IH animals this effect is not observed in 
both conditions with and without endothelium. Also quantified the expression of the protein 
kinase G (PKG), these animals and observed that the hypertensive animals had reduced PKG 
expression. In this context even without altering the basal tone the reduction in expression of 
these factors affect the response of ODQ, preventing the effect of this inhibitor. 
In addition the activity of cGMP, the second messenger cAMP also plays an important 
role. The vascular tonus is also modulated by activation of adenylate cyclase, resulting in 
cAMP synthesis, and this acts in vascular relaxation through the activation of protein kinase 
A (PKA), which phosphorylates intracellular proteins, resulting in dilation (Ferguson et al., 
2014). The intracellular concentrations of these second messengers are determined with the 
balance between production and degradation by phosphodiesterase (PDE). There are a variety 
of families of PDEs characterized, however PDE3 regulates the hydrolysis of cAMP and 
cGMP, the PDE3A being more expressed in the vascular system (Liu et al., 1998; Hubert et 
al., 2014).  
The adenosine also participates in the regulation of cAMP, acting through specific 
receptors; the most well expressed in the vascular system the A1A and A2A receptors 
(Fredholm et al., 1999; Fredholm, 2003). Activation of the adenosine receptor A1A cause 
inhibition of adenylate cyclase by coupling to Gi protein, inducing a decrease in  cAMP 
levels, and a K
+
 channel activation, with a consequent increase in intracellular calcium levels. 
However activation of A2A adenosine receptors stimulates the activation of adenylate cyclase 
by coupling to Gs protein, increasing the availability of cAMP (Chen et al., 2013). 
In Wistar group, we demonstrate that caffeine (100µM) induced significant decrease in 
basal tonus of rings with and without endothelium, corroborating the literature with respect to 
inhibition of phosphodiesterase and adenosine A1A and A2A receptors increased the 
availability of cAMP, contributing to reducing the tone (Fredholm et al., 1999; Fredholm, 
2003; Fisone et al., 2004; Morato et al., 2008).  
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Our results demonstrate that the IH group shows a significant decrease in expression 
of PDE3A and adenosine receptor 2 downregulation (A2A), without significant changes to the 
adenosine receptor 1 (A1A), demonstrating that the decrease in expression of these factors 
does not alter the basal tone. However, the reduction in the expression of PDE3A and A2A 
receptor do not allow the visualization of the potentiating effect of caffeine, in presence or 
absence of endothelium. Others studies also observed downregulation of PDE3A in animal 
models with vascular disease (Ding et al., 2005; Yan et al., 2007). 
The activation of the alpha adrenergic receptor agonist activates Gαq protein, which in 
turn activates phospholipase C (PLC). This promotes the formation of second messenger 
Ins(1,4,5)P3 and diacylglycerol, responsible for increased calcium in the smooth muscle cell, 
acting respectively in the sarcoplasmic reticulum and activating protein kinase C with 
subsequent calcium influx, leading to vascular contraction (Brizzolara-Gourdie et al., 1997; 
Silva et al., 2010; Cotecchia et al., 2015). 
Analyzing the vascular reactivity to alpha-1 adrenergic agonist phenylephrine, we 
observed that the W animals without endothelium were more sensitive to phenylephrine than 
animals with endothelium; however, there was no difference in the maximum contractile 
response in conditions with and without endothelium. This result corroborates with published 
studies demonstrating that the absence of the endothelium increases sensitivity alpha 
adrenergic agonists in Wistar rats (Jansakul, 1995; Cunha et al., 2005; Baptista et al., 2014). 
The aortic rings from hypertensive animals showed lower maximum response to 
phenylephrine than the aortic from normotensive group with the presence of endothelium. 
According to the study by Lopez et al, 2004, Long-term treatment with L-NAME in drinking 
water (100 mg/kg/day, for 14 days) decreases the response to phenylephrine contractile. This 
reduction in the contractile activity of smooth muscle, unrelated to inhibition of eNOS, 
however this effect was not observed on treatment with low dose (10 mg/kg/day) or even 
short-term treatment, for three days (López et al., 2004).  In this context, our results 
demonstrate that even showed increased in 1A-AR expression, the IH group showed decrease 
in expression of Gαq protein, which caused probably lower contractile response relative to 
group W.  
We have also demonstrated that hypertensive animals showed increased sensitivity to 
phenylephrine compared to normotensive. Corroborating Araujo, et al., in 2012 obtained 
increased sensitization to phenylephrine-induced hypertensive rats pro L-NAME (de Araujo 
et al., 2013). In our findings, this effect was attenuated by inhibition of guanylate cyclase. 
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 Interestingly, the pD2 values of hypertensive animals without endothelial become 
equivalent to the animals normotensive condition, leading us to suggest that this hypertension 
model the change in the aortic ring functionality is derived endothelial cells, and a 
phenomenon endothelium dependent. 
Receptors associated phospholipase C and adenylate cyclase act in the opposite way 
and play an important role in the modulation of vascular tone (Oliver et al., 2009). It has been 
demonstrated in the literature the existence of cross-talk between signaling pathways pro 
activating phospholipase C and adenylate cyclase (Brizzolara-Gourdie et al., 1997). Previous 
studies have demonstrated that in the rat aorta increase of cAMP and cGMP inhibited the 
accumulation of IP3 and subsequent contractile response induced by norepinephrine 
(Rapoport, 1991; Tabernero et al., 1996). 
Recently, Pernomian et al, 2013 have shown the involvement of cross-talk between 
alpha and beta adrenergic receptors in response to phenylephrine in carotids of rats, acting 
through α1D receptors inducing vascular relaxation mediated by NO-cGMP-dependent and  
calcium-activated potassium channels of large conductance (BKCa) (Pernomian et al., 2013). 
This confirms that the reduction of the maximum response to phenylephrine contractile pre-
incubation with the antagonist 1-AR (Metoprolol, 1 M) in the ring with endothelium 
normotensive group. Probably the inhibition of the 1-AR, a greater availability of cAMP by 
-AR, leading to decreased formation of IP3 and resulting in decreased contractile response of 
the aorta ring with endothelium of the animals W. This effect is not observed in the rings 
without endothelium in this group, suggesting that this cross-talk is dependent on the 
endothelial cells. 
It is well described in the literature that blocking the action of guanylate cyclase 
induces an increase in vascular tone, because there is a decrease in cGMP levels (Garthwaite 
et al., 1995; Moro et al., 1996). Several studies use the ODQ (10 µM) as an effective blocker 
of GC (Moro et al., 1996; de Nadai et al., 2015; Estancial et al., 2015). Our results 
corroborate the literature, provided that the inhibition of guanylate cyclase enzyme incubation 
with ODQ increased the initial tone in Wistar rats. Given these initial conditions, the 
maximum contractile response is reduced when compared to aortic rings without prior 
incubation with this inhibitor, in W group. 
Preventing the action of GC with blocking by ODQ (10 µM), the response contractile 
decreased significantly in the IH group, the rings without endothelium, which leads us to 
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suggest, in these conditions, the possible interference of other factors influencing the vascular 
tone, like cyclooxygenase products (Ribeiro et al., 1992; Henrion et al., 1997). 
Our results also showed that caffeine reduces the maximum response to phenylephrine 
in control animals with intact endothelium, but had no significant effect on maximal response 
with the removal of the endothelium. Caffeine is a competitive inhibitor of A1A and A2A 
receptors (Echeverri et al., 2010). The adenosine receptors are important modulators of 
vascular tone, causing increased tone by A1 and relaxation by A2A (Wang et al., 2010).  
The A1A receptor increases the contractile response to phenylephrine by PLC, exerting 
a negative modulation compared to A2A receptor (Tawfik et al., 2005).  It was a consistent 
reduction of the contractile response to the blocking of adenosine receptors. The inhibition of 
phosphodiesterase by caffeine, also contributes to the reduction of the contractile response by 
increasing the availability of cAMP and cGMP (Liu et al., 1998; Hubert et al., 2014).  
The reduction of the expression of PDE3A, with a reduction in adenosine receptor 
expression 2A in IH prevented caffeine action visualization, in aortic rings with endothelium, 
but in the absence of endothelium we can see a significant reduction of the contractile 
response, demonstrating that the effect of our treatment, for 5 weeks, facilitated the 
availability of cAMP.  
Although there is predominance in receptor β-2AR in vascular smooth muscle (Neto et 
al., 2006) it is already known the participation of all subtypes of β adrenergic receptors in 
vascular relaxation and thus influence in controlling blood pressure (Conti et al., 2013; 
Hauzer et al., 2014). In the rat aorta, the β-adrenoceptors may be located also in the 
endothelium and smooth muscles (Flacco et al., 2013). This receptors, mediate classically 
vascular relaxation by coupling to Gs protein and consequent activation of adenylate cyclase, 
resulting in increased cAMP and activation of PKA. Besides the classical pathway, β-
adrenoceptors also act via activation of eNOS and nitric oxide generation, with activation of 
GC, increasing cGMP levels, both resulting in vasodilation, and activation of potassium 
channels and subsequent hyperpolarization.  
The analysis of the vascular response to non-selective β agonist (-) - isoproterenol we 
observed a biphasic response with relaxing and contractile effects.  The W group when we 
block the β-1AR receptor action, relaxing effect observed in both conditions, with and without 
endothelium. Furthermore, by inhibiting eNOS, we see only contractile effect on rings with 
endothelium, showing the performance of the beta receptor by means of nitric oxide. The 
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blockade of adenosine receptors and inhibition of phosphodiesterase showed relaxation effect 
in both conditions, featuring greater availability of cAMP and subsequent vascular relaxation.  
In view of such biphasic responses to (-) - isoproterenol, we analyze the area under the 
curve, and we observed that in the group W, the area under the curve of rings without 
endothelium was lower than in rings with endothelium, demonstrating the performance of  
adrenergic receptor-dependent manner of endothelial cells.  
The antagonism of β-1AR through the use of metoprolol caused a reduction in the area 
under the curve for (-)-isoproterenol in normotensive animals corroborates the literature on 
the involvement of this receptor with the β-2AR and β-3AR in vascular relaxation.  Studies with 
β-1AR antagonists, demonstrate that antagonism of this receptor can activate β-2AR and β-3AR 
causing vasodilatation dependent NO (Neto et al., 2006).  
PDE inhibition and the adenosine receptors reduce the area under the curve the 
relaxing effect to the (-) - isoproterenol in rings with endothelium through the greater 
availability of cAMP and cGMP, classically described in literature (Zhao et al., 2015). 
Inhibition of adenylate cyclase also potentiated the effect of (-) - isoproterenol, 
supporting the action of beta adrenoceptor pathway independent of nitric oxide, probably by 
activation of potassium channels with hyperpolarization of the endothelial cell and subsequent 
relaxing effect (Matsumoto et al., 2012). Inhibition of guanylate cyclase also caused reduction 
in area under the curve in rings with and without endothelium, supporting the action of beta-
adrenergic receptors on smooth muscle, classically activation of adenylate cyclase and 
consequent increased availability of cAMP (Neto et al., 2006).  
These effects demonstrate the involvement of beta-adrenergic receptors in order to act 
via endothelial cells and independent of this pathway, as are well characterized in the 
literature. 
Hypertensive animals also showed biphasic with responses contractile followed by 
relaxation. The inhibition of the β-1AR receptor induced in rings without endothelium 
contractile response. The inhibition of guanylate cyclase presented contractile effect followed 
by greater relaxing effect at the end of the curve. Thus, we analyze the effects of area under 
the curve to isoproterenol. The hypertensive animals had lower area under the curve to 
isoproterenol in rings with endothelium, with no significant changes in rings without 
endothelium. These vessels also showed less relaxing effect compared to the control, 
demonstrating lower relaxation via β adrenergic receptors.  
59 
 
The potentiating effect of caffeine and ODQ, observed in control, was not observed in 
the hypertensive group. However, this group presents β1-AR upregulation and β3-AR 
downregulation without significant changes in β2-AR expression. This explains the decrease in 
area under the curve to isoproterenol in the presence of antagonist β1-AR (Metoprolol, 1µM). 
Oliver and colleagues also demonstrate the involvement of β1-AR increase in receptor 
expression in the development of hypertension (Oliver et al., 2009). 
In this model we can observe in aortic rings a glucocorticoid receptor downregulation 
(Figure 1), which is probably due to higher amounts of serum corticosterone levels 
(unpublished data), corroborating our laboratory data, where increase in serum levels of 
glucocorticoids, triggered a compensatory response with downregulation of receptor 
expression (Farias-Silva et al., 2004; Feng et al., 2006). The reduction in GR expression in 
this model, confirms the involvement of corticosterone in the responses provided by this 
chronic stress model, and is involved with process of up or down regulation of receptors 
evaluated. 
Our results demonstrate that the adrenergic alterations in this hypertensive model are 
mainly due to endothelium damage. However other endothelium-derived relaxing factors may 
be involved, in a modulation of the adrenoceptors response.  
It is a consensus in the literature that stress in the long term, resulting in adaptive 
responses of the organism (McEwen, 1998; Seeman et al., 2001; McEwen, 2004). We 
suppose that the changes found in this model in our experimental conditions are resulting 
from an adaptive response to treatment in an attempt to establish new allostasis. Unravel the 
mechanisms involved in the interaction between adrenoceptor in hypertension pathogenesis is 
considered challenging, studies like this becomes extremely relevant, clarifying ways in the 
medical and pharmacological research in order to better understand the complexity of 
hypertension.  
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Background and Purpose: The close association between stress and hypertension 
development is well documented. The physiological imbalance generated in the chronic stress 
demand leads to failure of adaptive mechanisms causing hyperactivity of the sympathetic 
system. Vascular reactivity and adrenergic interaction has been the target of potential interest, 
however it is necessary to better clarify this interaction. Thus our aim was to evaluate the 
modulation of vascular reactivity to alpha and beta adrenergic receptors and expression of key 
proteins in the control of vascular tone in spontaneously hypertensive rats and their controls 
Wistar Kyoto. 
Experimental Approach: Male, adult, rats of 15 weeks-old, SHR and WKY were 
used. Concentration response curve was performed phenylephrine (α adrenergic agonist) and 
isoproterenol (non-selective adrenergic agonist β). Subsequent pharmacological study was 
carried out with inhibitor of endothelial nitric oxide synthase, guanylate cyclase inhibitor, 
inhibitor of adenosine receptors and phosphodiesterase 3A and antagonist receptor β1 It was 
quantified expression of key proteins involved in modulating vascular tone and alpha and beta 
adrenergic receptors  
Key results: In our conditions, we show that aortic rings isolated of hypertensive 
showed a reduction in Phe-sensitivity, which was endothelium dependent, however the 
molecular investigation showed an increased expression 1a-AR followed by a decrease in 
expression of Gq. The decrease in second messengers probably is responsible for the 
alteration in Phe-sensitivity in hypertensive rats and the increase in 1a-AR is not efficient to 
compensate the decrease in its messengers. However, even with other molecular alterations as 
an increase in expression of A2A and decrease in expression of eNOS, GC, PKG and PDE3A 
there were no changes in vascular -adrenergic functional responses or in basal vascular 
tonus. 
Conclusion and Implications: Our results demonstrate that hypertensive animals 
shows lower alpha-contractility compared to normotensive, and changes in expression of 
proteins presented in this model is the result of adaptations derived from hyperactivity of the 








The close association between stress and hypertension development is well-
documented [1-4]. The response to stress activates primarily the hypothalamic-pituitary-
adrenal (HPA) axis and sympathetic-adrenomedullary axis and subsequent to that activation 
there is a release of hormones that act promoting secretion of adrenocorticotropic hormone 
(ACTH). All reaction induces release in the circulation of cortisol by the adrenal cortex and 
noradrenaline by sympathetic neurons [2].  This mechanism is required for the physiological 
equilibrium, however, this response on demand chronic stress leads to failure of adaptive 
mechanism, increasing levels of cortisol and adrenaline into the circulation, causing 
sympathetic hyperactivity with increased circulating corticosterone and downregulation of 
glucocorticoid receptors, results and consequently in the development of disease. Thus, 
hypertension is essentially linked to that response mechanism to stress chronic [3-7].  
Animal models of hypertension allow us to explore such mechanisms, and develop 
potential therapeutic strategies [8, 9]. The hyperactivity of the sympathetic nervous system in 
experimental model of spontaneously hypertensive rats has been reported [10, 11]. The SHR 
animals are an excellent model of hypertension due to their similar pathogenesis be essential 
or primary hypertension in humans. This hypertension model is the most widely used among 
researchers [10, 12]. 
The sympathetic nervous system acting through adrenergic receptors (AR) and 
increasing α-AR receptors contribute to the development and maintenance of hypertension, 
though the -adrenergic receptors, act to produce relaxation and to reduce the increase in 
pressure [11, 13-15].  
 adrenergic receptors contributes to vascular relaxation by pathways classical 
coupling to Gs protein, increasing the availability of cAMP, activating PKA and subsequent 
decrease in intracellular calcium level [14,33,36], and also act by activating of nitric oxide or 
hyperpolarization of endothelial cells, both leading to vascular relaxation by reduction in 
intracellular calcium levels [43-49]. Adenosine receptors also function in modulating 
availability of cAMP, which in the most prevalent cardiovascular system receptors of 
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adenosine A1 and A2A, thus being directly connected adrenergic modulation in the vascular 
bed [53,61]. Decreased relaxation mediated by β-AR receptor has been reported in SHR [16]. 
The hypertension is extensively bound to endothelial dysfunction and the pathogenesis 
of this model is related changes in vascular geometry, the membrane of the smooth muscle, as 
well as less calcium sensitization in smooth muscle [12, 17]. 
Whereas the blood vessels receive innervation of sympathetic nerve fibers the 
interaction of vascular reactivity and adrenergic has been the target of potential interest [18, 
19]. However, further clarification is needed on the adrenergic interaction as well as its 
modulation in endothelial response in SHR. 
Thus, this study aimed to assess the modulation of vascular reactivity via adrenergic (α 
and β), as well as the expression of key proteins regulating vascular tone and the expression 
of adrenergic receptors in SHR animals and their respective control, the Wistar-Kyoto. 
Methods  
Animals 
Male, adult, rats, 15 weeks of age, spontaneously hypertensive (SHR) (239.8±8.06g, 
n=15) and Wistar Kyoto (397.0±9.58g, n=15), provided by Multidisciplinary Center for 
Biological Research/UNICAMP (CEMIB) were randomly divided into two groups: 
normotensive control (WKY) and genetic hypertension (GH). Acclimatization was at constant 
temperature of 22 ± 2 °C with light-dark cycle of 12/12 hours and treated according to the 
rules established by Olfert et al., (1993) [20]. Feed and water provided ad libitum each day. 
All procedures and protocols were approved the Ethics Committee on Animal Use CEUA 
with protocol number 2615-1. The average blood pressure of the animals was WKY: 
107.15±5.88 and GH: 127.09±4.86.  
This analysis was performed by arterial catheterization in which, in short, a cannula 
(PE 50) into the right carotid artery of anesthetized animals, and connected to a pressure 
transducer strain-gauge type connected to a MLS370 amplifier/7 blood pressure Module 
(ADInstruments - Australia) and data acquisition system PowerLab 8/30. To analyze the 
results we used the Software LabChart Pro (ADInstruments - Australia) [21].  
For each experimental protocol used 6 rings with endothelium (E
+
)  and 6 rings 
without endothelium (E
-
)  from different rats. Zoletil 50® was used for anesthesia at a dose of 
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1.16 mL per kilogram of body weight associated with Anazedan® at a dose of 0.56 mL per 
kilogram of body weight [38]; euthanasia was performed by deepening of anesthesia by 
exsanguination after cardiac puncture. All procedures and protocols were approved the Ethics 
Committee on Animal Use CEUA with protocol number 2615-1. 
 
Chemicals and Antibodies 
Phenylephrine, (-)-Isoproterenol hydrochloride, Metoprolol, Caffeine (Sigma 
Chemical Co. St Louis, MO, EUA); L-NAME hydrochloride, ODQ, (Enzo Life Sciences 
International, Inc.5120 Butler Pike, Plymouth Meeting, PA 19462). The antibodies: α1-AR 
sc:-1477-goat polyclonal; β1R sc:568-rabbit polyclonal, β2R sc:569-rabbit polyclonal; β3R 
sc:1473-goat polyclonal; Gαq sc:136181-mouse monoclonal; Serca2 sc: 8094 goat polyclonal; 
GR sc: 56851-mouse monoclonal; PDE3A sc:11830-goat polyclonal; A cyclase sc:1701-
rabbit polyclonal; Adenosine A1-R sc: 7500-goat polyclonal; Adenosine A2A-R sc:7504-goat 
polyclonal  obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA); β-actin ab-
8227-rabbit polyclonal, Gs ab-101736-goat polyclonal; Gi ab-140125-rabbit polyclonal; 
MLCK ab-55475-mouse polyclonal e eNOS ab5589-rabbit polyclonal obtained from Abcam; 
PKG C8A4-rabbit polyclonal (Cell Signaling Technology, Danvers, MA); p-eNOS 07-428 
rabbit polyclonal (Millipore Corporation, Billerica, MA) Guanylyl Cyclase alpha 1 NBP2-
13000-rabbit polyclonal; Guanylyl Cyclase beta 1 NBP1-67588-rabbit polyclonal (Novus 
Biologicals, USA).  
Vascular Reactivity Assay 
The aortic rings were isolated and prepared according to the protocol established by 
[21].  
The chest was opened with a midline incision and the thoracic aorta portion was 
removed and divided into four rings, each with approximately 4 mm. The endothelium of two 
rings was removed mechanically from the inner surface of the aorta with the help of a cotton 
swab whereas the endothelial layer of the other two rings remained intact. Each ring was 
mounted on two L-shaped stainless steel hooks, and the smaller portion traversed the inside of 
the ring, after which these hooks were individually placed in a container containing 10 mL of 
Krebs–Hanseleit physiological solution: 115.0 mM of NaCl, 4.6 mM of KCl, 25.0 mM of 
NaHCO3, 2.5 mM of MgSO4.7H2O, 2.5 mM of CaCl2.2H2O, 1.2 mM of KH2PO4, 11.0 mM of 
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glucose, and 0.11 mM of ascorbic acid and coupled to an isometric voltage transducer. The 
solution was maintained in a water bath at 37°C with the aid of an infusion pump and was 
constantly bubbled with 95% oxygen and 5% carbon dioxide for maintenance of pH. After 
placing the samples in the container, a voltage of 1.5 g was induced in the transducer and 




 rings. For voltage recording, an 
isometric voltage transducer (BIOPAC System) containing a four-channel polygraph (MP-
100, USA) was used.  
The rings remained stabilized for a period of 60 minutes and then were performed 










M). To better understand the mechanism of action involved, we will use 
antagonists and enzyme inhibitors as concentration specified in literature: L-NAME; 10 M 
[21], Metoprolol; 1 M [24], ODQ; 10 M [22] and Caffeine; 100 M, [25]. 
Western Blotting 
Fragments of the extracted aortic rings and subjected to homogenization in 1:100 mL 
mg of tissue in buffer for protein extraction (100 mmoL /L sodium pyrophosphate, 10 mmoL 
/L orthovanadate, sodium 100 mmoL /L fluoride sodium, 10 mmoL /L EDTA, 100 mmoL /L 
Trisma base, 10% SDS) at 4°C. Then the material was centrifuged for 40 minutes; 11.000 
rpm; 4 °C, only the supernatant was used. Protein concentration was determined by Bradford 
method [26] and was read with a spectrophotometer with a wavelength of 595 nm, 22 °C. 
Immune complexes containing 25 g protein were suspended in Laemmli buffer containing 
100 mM DTT (Dithiothreitol) and after rapid boiling in a dry bath were applied and separated 
by polyacrylamide gel electrophoresis in presence of sodium dodecylsulfate (SDS -page) 
followed by transfer to nitrocellulose membrane BIO-RAD apparatus (Trans-Blot® SD Semi-
Dry Transfer Cell / US). Incubation with specific antibodies was 48 hours. Antibody binding 
to nonspecific proteins was minimized by pre-incubating the membrane with blocking buffer 
(3% milk or 1% gelatin, 10 mM Tris, 150 mM NaCl, 0.02% Tween 20) overnight. After 
stripping quantitation was performed to obtain new antibodies. A supplementary material 
showing each assay can be access at Annex 3. Visualization of protein bands was carried out 
through the reaction with secondary antibodies, conjugated to peroxidase and detected by 
chemiluminescence in ImageQuant ™ LAS 4000 system (GE Healthcare Bio-Sciences AB). 
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The bands were quantified by densitometry (UN-SCAN-IT Graph Digitizer, Silk Scientific / 
USA) and normalized by β-actin [27, 28].   
Histology 
The aortic rings were placed in formalin solution (200 mL distilled water and 50 mL 
of 40% formaldehyde and 250 mL of phosphate buffer 0.2 M pH 7.4) for 24 hours. Then the 
samples were washed with 70% ethanol and stored in such a solution until the day of 
inclusion in paraffin. For inclusion tissues were dehydrated in ascending series of ethanol 
solution to absolute alcohol, then held clarification in xylol (alcohol-xylol 1:1 to pure xylol) 
and impregnation in xylol-paraffin (1:1) then included in blocks was performed at 58 
o
C in 
Paraplast. The aortic rings were properly included and pasted on wooden blocks and cut into 
thick one in five microtome Micron HM340E (Thermo Fisher Scientific, USA). 
Approximately 3 sections were placed on each slide. After deparaffinization, sections were 
stained with hematoxylin eosin followed. The images were captured in an optical microscope 





Data were considered within the normal Gaussian distribution using the Kolmogorov-
Smirnov test, so the data were analyzed by ANOVA followed by Dunnett test or Student t test 
when appropriate. The results are presented as mean ± standard error of mean (SEM).  The 
calculation of the pD2 (- log EC50) and maximal response (Rmax) values of CCR from 
phenylephrine, and area under curve (AUC) values of CCR from isoproterenol were done in 
tension response and using gF unit. Due to the appearance of biphasic curve in the analysis of 
the isoproterenol effects, we analyze the data in AUC. For all analysis, we used the Prism 
software (GraphPad Software Inc., USA). P values less than 5% were considered significant. 
For each experimental protocol was used 6 rings with endothelium and 6 rings without 





Histological analysis  
Histological analysis indicated the presence (Figures 1A and 1C) and absence (Figures 
1B and 1D) of endothelial cells in aortic rings isolated of normotensive (Figures 1A and 1B) 
and hypertensive (Figures 1C and 1D) rats (Figure 1). 
 
 
Figure 1: Photomicrographs of (A, C) aortic rings with endothelium (e
+
) and (B, D) without endothelium (e
−
) 
isolated from normotensive and hypertensive rats. 
 
Basal tone 
In control group, the inhibition of phosphodiesterase and adenosine A1A and A2A 
receptors (Caffeine, 100µM) decreased basal tonus, in both conditions, with and without 
endothelium (Table 1). 
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There was no significant difference in the basal tone between the two groups, WKY 
and GH in the presence or absence of endothelium (Table 1).  
In the GH group of eNOS (L-NAME, 10 µM) and guanylate cyclase (ODQ, 10 µM) 
inhibition induced an increase the basal tonus in the ring with endothelium. . In rings without 
endothelium, blocking β1-AR (Metoprolol, 1µM) increases the basal tonus and the inhibition of 
phosphodiesterase and adenosine receptors (A1A and A2A) (Caffeine, 100µM), induced a 
reduction in the tonus (Table 1). 
α adrenergic response 
Sensitivity – pD2 
There was no significant difference in the pD2 values, the WKY group between rings 
with and without endothelium, the alpha adrenergic agonist phenylephrine (Table 1, Figure 2). 
In aortic rings with endothelium from control rats, the enzyme inhibitors and 
antagonists do not influence the Phe-sensitivity. However, in rings without endothelium the 
inhibition of eNOS (L-NAME, 10 µM) and guanylate cyclase (ODQ, 10 µM) reduced the 
Phe-sensitivity (Table 1, Figure 2).  
Aortic rings isolated of hypertensive rats showed a decrease in sensitivity to Phe when 
compared with normotensive rats, which was endothelium dependent. The endothelium 
removal canceled this alteration (Table 1, Figure 2).  
In hypertensive rats the inhibition of phosphodiesterase and adenosine A1A and A2A 
receptors (Caffeine, 100µM) decreased the sensitivity to Phe in both conditions, with and 
without endothelium (Table 1, Figure 2). 
Maximal response - RMax 
The removal of the endothelium significantly increased the maximum contractile 
response (RMax) of normotensive animals to phenylephrine (Table 1, Figure 2). 
In this group, the inhibition of phosphodiesterase and adenosine receptors (A1 and 
A2A) (Caffeine, 100µM), decreased the RMax, the rings with endothelium. However, both the 
inhibition of eNOS (L-NAME, 10 µM) and guanylate cyclase (ODQ, 10 µM) induced a 
significant increase in RMax, in the presence of the endothelium. Rings without endothelium 
showed an increase in RMax with the inhibition of β1-AR (Metoprolol, 1 µM) (Table 1, Figure 
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2). There was no significant difference RMax between the groups, in both conditions with and 
without endothelium (Table 1, Figure 2). 
The hypertension condition did not alter the Phe-RMax response in aortic rings with or 
without endothelium. 
In aortic rings with endothelium isolated of GH rats, the inhibition of eNOS (L-
NAME, 10 µM) induced a significantly increased RMax. There were no alterations in Phe-RMax 
response in rings without endothelium when any enzyme inhibitors or antagonists were used 
(Table 1). 
Total response - AUC 
The absence of the endothelium significantly increased the area under the curve to 
phenylephrine (Phe-AUC) of WKY rats. In aortic rings with endothelium the inhibition of 
phosphodiesterase and adenosine receptors (A1A and A2A) (Caffeine, 100µM), induced a 
decrease in Phe-AUC; however the inhibition of eNOS (L-NAME, 10 µM) and guanylate 
cyclase (ODQ, 10 µM) induced an increase in Phe-AUC. In aortic rings without endothelium, 
inhibition of phosphodiesterase and adenosine receptors (A1A and A2A) (Caffeine, 100 µM), 
also decreased Phe-AUC, however there was an increase in Phe-AUC, these rings with the 
block β1-AR (Metoprolol, 1µM) (Table 1). 
There were no significant changes in Phe-AUC in the hypertensive group compared to 
the normotensive group (Table 1). 
In the GH group, the removal of the endothelium significantly increased AUC. In this 
group, the rings with endothelium, inhibition of eNOS (L-NAME, 10 µM), caused a 
significant increase in the Phe-AUC and the rings without endothelium, inhibition of 
phosphodiesterase A1A and A2A adenosine receptors (Caffeine, 100 µM) induced a decrease in 





Wistar Kyoto Genetic Hypertension 
 Basal tone (gF) Phenylephrine (gF) Isoproterenol (gF) Basal tone (gF) Phenylephrine (gF) Isoproterenol (gF) 
 









e+      e+     
No Antagonist 1.524±0.045 -6.303±0.165 1.092±0.258 2.970±0.713 3.468±0.700 1.551±0.110 -5.846±0.232$ 1.049±0.206 2.404±0.479 3.740±0.888 
+ Metoprolol 1.536±0.038 -5.952±0.191 1.636±0.323 3.517±0.826 3.757±1.245 1.660±0.145 -5.962±0.253 1.150±0.187 2.634±0.359 2.783±0.621 




+ Caffeine 1.274±0.043@ -5.946±0.070 0.521±0.237@ 0.844±0.298@ 1.021±0.334@ 1.346±0.042 -4.842±0.258* 0.933±0.325 1.552±0.664 3.023±0.969 
+ ODQ 1.511±0.122 -6.168±0.263 2.158±0.432@ 4.623±0.799@ 3.415±1.133 2.051±0.130@ -6.251±0.174 1.413±0.269 4.094±0.915 2.147±0.626 
e-      e-     
No Antagonist 1.522±0.076 -6.859±0.279 2.040±0.258$ 6.565±1.435$ 4.594±0.497 1.597±0.049 -6.664±0.119 1.579±0.241- 4.290±0.517$ 3.262±0.707 
+ Metoprolol 1.469±0.049 -6.924±0.108 3.042±0.216* 9.370±0.862@ 5.023±1.049 1.781±0.056@ -6.595±0.277 1.320±0.299 4.148±0.932 2.960±0.761 
+ L-NAME 1.644±0.041 -5.404±0.378* 2.924±0.254 5.488±0.830 1.894±0.293*@ 1.481±0.079 -6.382±0.176 1.652±0.319 4.922±1.014 1.235±0.178@ 
+ Caffeine 1.036±0.078*@ -5.885±0.102 1.566±0.299 3.096±0.571*@ 5.530±0.812 0.855±0.037*@ -5.528±0.122* 1.070±0.227 1.920±0.476@ 3.502±0.800 
+ ODQ 1.413±0.076 -5.404±0.596* 2.088±0.259 3.866±0.486 1.911±0.326*@ 1.862±0.205 -6.480±0.144 1.229±0.140 3.883±0.752 3.920±0.526 
Table 1: Values of mean ± SEM concentration effect curve to phenylephrine compared to the antagonist, and enzyme inhibitors in gF (n = 6). * Inhibitor or 
antagonist in the control of the same group (ANOVA followed by Dunnett test, p <0.05). # GH vs WKY in the control condition (Student t test, p <0.05). @ Inhibitor 
or antagonist in the control of the same group (Student t test, p<0.05) $ WK and GH in the same condition e
+
 (with endothelium) vs e
-
 (without endothelium) (Student 














































































































M) in aortic rings (a, c) with and 
(b, d) without endothelium of Wistar Kyoto rats and genetic hypertension, (n=6). ANOVA followed by Dunnett 
test, or Student t test (WKY vs GH) p <0.05. Significant differences are shown in Table 1.  
 
β adrenergic response in AUC 
All CCR induced by (-) -Isoproterenol hydrochloride are present in gF at Figure 3, and 
these results were analyzed as total area under the curve response. 









































































































M) in aortic 
rings (a, c) with and (b, d) without endothelium of Wistar Kyoto and Genetic Hypertension, (n= 6). Anova 
followed by Dunnett test, or Student t test (WKY vs GH) p <0.05. Significant differences are shown in Table 1. 
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At WKY group, removal of the endothelium did not significantly alter the AUC to 
isoproterenol (ISO-AUC) (Table 1). 
In this group, the rings with endothelium ISO-AUC was decreased when 
phosphodiesterase and adenosine receptors were inhibited (A1A and A2A) (Caffeine, 100 µM). 
The inhibition of eNOS (L-NAME, 10 µM) caused a decrease ISO-AUC on both conditions, 
with and without endothelium. The inhibition of guanylate cyclase (ODQ, 10 µM) causes 
reduction of ISO-AUC in the absence of the endothelium (Table 1). 
No significant differences in AUC-ISO, the GH group compared to WKY group in 
both conditions, with and without endothelium (Table 1). 
Antagonists and inhibitors did not change the ISO-AUC in the presence of 
endothelium. However, the inhibition of eNOS (L-NAME, 10 µM) caused decreased ISO-
AUC in the absence of the endothelium (Table 1). 
Analysis Western Blotting 
In this work, we quantified the key factors in the maintenance and regulation of 
vascular tone in aortic rings with endothelium comparing the hypertensive and normotensive 
groups. 
In model of hypertension, there was a significant reduction in the expression of eNOS 
and no changes in the expression of PI3K (Figure 4). 
Considering the NO/cGMP pathway, there was significant reduction expression of 
guanylate cyclase, alpha subunit, without significant changes in the beta subunit. We observe 
decreased expression of protein kinase G (PKG) (Figure 4). 
Our results demonstrate increased expression of phosphodiesterase 3A (PDE3A), as 
well as increased adenosine A2A receptor expression. There was no significant change in the 
expression of A1A adenosine receptor (Figure 4).  
There was no significant difference in glucocorticoid receptor expression (Figure 4).  
α adrenergic pathway: There was a significant increase in α1a-AR expression, however 
there was a reduction in protein expression in Gαq, associated with the alpha adrenergic 
receptor (Figure 5). 
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β adrenergic pathway: There were no significant changes in the expression of β1-AR, 
and β3-AR. There were no significant changes in the expression of the stimulatory G proteins 
(Gs) and G inhibitory (Gi) associated with beta-adrenergic receptors. No differences were 

























































































































































Figure 4: After obtaining the stratum total protein, of intact aortic rings, preparation was carried SDS-PAGE for 
quantification of proteins responsible for the maintenance of basal vascular tone.  A) Expression of nitric oxide 
pathway (eNOS e PKG). B) Expression pathway adenosine (PDE3A, A1A, A2A). C) Expression of 
glucocorticoid receptor (GR).  All assays were normalized β-actin. * The normalization was performed with -
actin concomitantly the same samples for proteins Gs, 1, Gi (Figure 6), PKG (Figure 4), Gq (Figure 5), GC 
and GR (Figure 4).  ** The membrane used to obtain the Gi (Figure 6) was then used for stripping GC and GR 
(Figure 4). *** the membrane used to obtain the PKG (Figure 4) was then used for stripping for Gq (Figure 
5).The supplementary materials showing each assay can be access at Annex 3. 
#
 Induced Hypertension vs Wistar 






































Figure 5: After obtaining the stratum total protein, of intact aortic rings, preparation was carried SDS-PAGE for 
quantification of alpha adrenergic, all assays normalized by β-actin. * The normalization was performed with -
actin concomitantly the same samples for proteins Gs, 1, Gi (Figure 6), PKG (Figure 4), Gq (Figure 5), GC 
and GR (Figure 4). Another concomitant -actin the same samples 1A and eNOS was used in the normalization 
of same ** the membrane used to obtain the 1A (Figure 5) was then used for stripping eNOS (Figure 4) *** the 
membrane used to obtain the PKG (Figure 4) was then used for stripping for Gq (Figure 5). The supplementary 
materials showing each assay can be access at Annex 3. 
#
























































































































Figure 6: After obtaining the stratum total protein, of intact aortic rings, preparation was carried SDS-PAGE for 
quantification of beta adrenergic, The following proteins and enzymes were quantified β1-AR, β2-AR, β3-AR 
Gs, Gi, PKA, Serca2, all assays normalized by β-actin. * The normalization was performed with -actin 
concomitantly the same samples for proteins Gs, 1, Gi (Figure 6), PKG (Figure 4), Gq (Figure 5), GC and GR 
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(Figure 4). ). Another concomitant -actin the same samples Serca2 and PKA was used in the normalization of 
same ** the membrane used to obtain the Gi (Figure 6) was then used for stripping GC and GR (Figure 4). *** 
the membrane used to obtain the Serca2 (Figure 6) was then used for stripping for PKA (Figure 6).The 
supplementary materials showing each assay can be access at Annex 3. 
#
 Induced Hypertension vs Wistar 
(Student t test, p <0.05). 
 
Discussion  
The sympathetic nervous system plays an essential role in the pathogenesis of 
hypertension [29]. It is well-established hyperactivity of the sympathetic nervous system in 
spontaneously hypertensive rats [11, 30]. However the mechanisms that surround the 
modulation via the adrenergic receptors are still considered controversial [30, 31]. Thus, in 
this study, we analyze vascular reactivity and the behavior of adrenergic receptors in this 
model of hypertension. 
Considering the maintenance of vascular tone, in this study, the condition of the basal 
tone of normotensive and hypertensive animals in the presence and absence of the 
endothelium, showed no significant change, demonstrating that both conditions departed from 
the same initial tone. 
Metoprolol is considered a selective antagonist β1-AR [50]. Our results demonstrate that 
antagonism of β1-AR, increases the basal tone of genetically hypertensive rats, in the absence 
of the endothelium, featuring the participation of the β1-AR in controlling the tone of 
endothelium-independent way.   
In animals GH inhibition of eNOS causes an increase in basal tone in rings with 
endothelium, however studies related NO synthesis and the expression of eNOS are 
antagonistic, showing this model, both reduction and increase related to NO [31].  
At WKY inhibition of phosphodiesterase and adenosine A1 and A2A receptors, reduced 
basal tone, in both conditions with and without endothelium, demonstrating that the inhibitor 
increased the availability of cAMP. What corroborates with the literature there caffeine, a 
xanthine, which acts, either by antagonism of adenosine receptors, inhibition of 
phosphodiesterase or also in modulating calcium channels [52]. 
However, in the GH group, this effect cannot be observed in the presence of the 
endothelium but potentiated when endothelium was removed. We demonstrate that in these 
animals there is an increase in the expression of PDE3A as well as A2A receptor, without 
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significant changes in receptor A1A. The accumulation of cAMP generated by the increased 
expression of these factors results in decreased phosphorylation myosin light chain (MLC), 
leaving less calcium sensitive enzyme, and leading to decrease in vascular tone [53].  
Inhibition of guanylate cyclase, the GH animals, generated increased basal tone, which 
corroborates the nitric oxide action lock, and increased tone described in the literature [54, 
55].  However, we demonstrate that these animals have reduced GC and PKG. Our results 
corroborate recent research demonstrating in aorta of spontaneously hypertensive rats (SHR) 
significant reduction in the expression of guanylate cyclase compared to the control Wistar 
Kyoto [56, 57].  
Adrenergic receptors (α and β) act to produce contraction or relaxation response by 
regulating the vascular respectively [15]. 
The contraction of alpha adrenergic activation occurs by agonist binding to the alpha 
receptor, and subsequent activation of Gαq protein. This leads to activation of phospholipase C 
(PLC), and formation of second messengers, Ins (1,4,5)P3 and diacylglycerol (DAG and IP3). 
IP3 acts directly on the control of calcium release exerted by Ca-ATPase (SERCA), in the 
sarcoplasmic reticulum. DAG, in turn, activates protein kinase C, which leads to calcium 
influx in smooth muscle. This increased availability of calcium, increases interaction between 
calcium and calmodulin which activates the light chain of myosin kinase (MLCK) allowing 
interaction between actin and myosin, resulting in vascular contraction [15, 32-35]. 
To analyze the effect of alpha adrenergic stimulation, the agonist phenylephrine, we 
observed the normotensive animals there was no difference in sensitivity to phenylephrine, 
the presents and the absence of endothelium, however they have a higher contractile response 
in the absence of endothelium. Studies show that animals Wistar Kyoto have no changes in 
sensitivity to phenylephrine [58].  
Genetically hypertensive rats showed less sensitive to phenylephrine, and had lower 
contractile response in the endothelium present condition, when compared to normotensive 
control. Corroborating previous studies have shown lower contractile response to 
phenylephrine in spontaneously hypertensive rats [67]. Our results also demonstrate that 
hypertensive animals showed increased in α1A-AR expression, although they showed a decrease 
in the expression of Gq protein, which probably are the main responsible for the reduction of 
the contractile response in our experimental group. 
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There was the significant difference in contractile response of this group, with the 
removal of the endothelium. However, the removal of the endothelium caused increased 
sensitivity to phenylephrine. In the reality, the endothelium removal brings de aortic GH 
response to normal conditions because it became similar to normotensive aortic rings. This 
result suggests that in the presence of endothelium, even with impaired endothelial function 
[58] there is a potential compensatory interference from other factors influencing the vascular 
tonus, as products of cyclooxygenase. 
It is well reported cross-talk between alpha and beta adrenergic receptors [15, 32]. In 
these animals, the absence of endothelium, β1-AR blockade increases the contractile response 
to alpha adrenergic agonist phenylephrine, showing the interaction of the receptors in the 
modulation of vascular WKY of the endothelium-independent manner.   
Probably in these animals the β1-AR receptor acts in order to provide more cAMP, thus 
inhibiting the formation of second messengers associated phospholipase C, so that blocking 
this receptor the contractile response to phenylephrine increases. Previous studies have 
demonstrated that in the rat aorta increase of cAMP and cGMP inhibited the accumulation of 
IP3 and subsequent contractile response NE [59, 60]. 
The concept that inhibition of eNOS increase vascular tone corroborates the significant 
increase in contractile response when incubated with L-NAME in the endothelium presence in 
WKY animals [43-49]. However, the blocking of eNOS causes less sensitivity to 
phenylephrine in the absence of endothelium. Consisting studies demonstrated that reduction 
in vascular tone in Wistar Kyoto independently of eNOS [58]. 
Spontaneously hypertensive rats has NO release impaired been reported in the 
literature [58] and on our findings, with the blockade of eNOS in hypertensive rats, an 
increase in contractile response in rings with endothelium, showing the hypertensive state in 
these animals. 
The blockade of adenosine receptors and phosphodiesterase, have reduced contractile 
response in normotensive animals, the rings with endothelium but not in rings without 
endothelium. The adenosine receptors participate actively in the modulation of vascular tone, 
an increase of tonus with A1 receptors, and decreased with A2 receptors [61]. Furthermore, A1 
adenosine receptor performs negative modulation relative to A2 adenosine receptor, leading to 
increased contractile response to phenylephrine [62]. Thus blocking these receptors with 
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caffeine contributed to the reduction in contractile response in normotensive animals. The 
inhibition of phosphodiesterase by caffeine also has participation in reducing the contractile 
response, through increased availability of cAMP and cGMP [39, 40]. 
GH group showed an increase in PDE3A expression. By blocking the 
phosphodiesterase with caffeine, a reduction in sensitivity to phenylephrine increased 
availability of cAMP in presence and absence of endothelium. 
Several studies use the ODQ (10 µM) as an effective blocker of GC [63-65]. The 
blocking of guanylate cyclase, in normotensive animals, increases the contractile response to 
phenyl, corroborating the concept that blocking the action of molecule of nitric oxide prevents 
the relaxing response, leading to increased contractile response [54, 63]. However, blockage 
of guanylate cyclase demonstrates lower sensitivity of phenylephrine WKY rats. Studies show 
that active phenylephrine smooth muscle active high conductance potassium channels 
sensitive to calcium (BKCa), which leads to modulation of K
+
 output currents in endothelial 
cells with the aid of gap myoendothelial junctions [66]. Probably the absence of endothelial 
cells along the blockade of guanylate cyclase, which prevents the increase in cGMP, the 
activation of these BKCa channels, per se; make it difficult the start of the contractile response 
thus decreasing the sensitivity to phenylephrine. 
The β-adrenergic receptor leads to relaxation by a classical pathway through coupling 
to Gs protein and activating adenylate cyclase. This converts ATP into cAMP, and increasing 
this active protein kinase A (PKA), responsible for the decrease in calcium levels in the 
smooth muscle cell and subsequent vasodilation [14, 33, 36]. cAMP is considered an 
important intracellular signaling, which induces relaxation in smooth muscle and its 
regulation is controlled by the balance between its synthesis and degradation [30].  
Adenosine receptors participate in the synthesis of cAMP, where in adenosine 1 
receptors inhibit adenylate cyclase via Gi protein, and adenosine 2 receptor, leading to 
increased cAMP, for stimulation of adenylate cyclase via Gs [25, 37, 38]. The degradation of 
cAMP is controlled by phosphodiesterase, with a PDE3A best expressed in the vascular 
system [39, 40]. Moreover, β-adrenoceptors also act by hyperpolarization of endothelial cells 
and with the assistance of gap junctions myoendothelial occurs hyperpolarization of smooth 
muscle cell, with closure of calcium channels dependent voltage and subsequent vascular 
relaxation [41].  
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β adrenergic receptors may also act on the pathway NO /cGMP [42]. Nitric oxide is 
one of the key molecules that lead to vascular relaxation. Released by activation of 
endothelial nitric oxide enzyme (eNOS), diffuses into smooth muscle, activating the soluble 
guanylate cyclase (sGC), which leads to increase of cGMP and subsequent activation of 
protein kinase G (PKG), culminating in vasodilation [43-49].  
The responses to the non-selective agonist (-) - isoproterenol resulted in biphasic, with 
a row contractile effects of relaxing effects, thereby analyzing the area under the curve to the 
(-) - isoproterenol. 
The analysis of the vascular response to non-selective β agonist (-) - isoproterenol, 
demonstrated that the area under the curve of the aortic rings, was not significantly altered 
with the removal of endothelium in WKY rats, or the GH rats. 
Corroborating studies that show that in aortic rings, isoprenaline produces similar 
relaxation between genetically hypertensive and normotensive their respective control. 
Changes in relaxation of spontaneously hypertensive animals are dependent on the stage of 
hypertension, where studies show that at 16 weeks relaxation is similar between the 
genetically hypertensive and normotensive [16] 
 At WKY group blocking eNOS decreased AUC, in both conditions, with and without 
endothelium and the blocking guanylate cyclase decreased AUC in the absence of 
endothelium. It is well reported in the literature the interaction between the signaling pathway 
of PLC and cGMP [69]. Studies in cultured smooth muscle cells, demonstrated that elevated 
levels of cGMP inhibit the action of PLC [70].  With inhibition of eNOS and GC, the WK 
animals had high reduction in the levels of cGMP, which activates the PLC activity and 
reduces the AUC to isoproterenol hindering the relaxing effect of beta-adrenergic receptors. 
 In normotensive animals, the inhibition of phosphodiesterase and adenosine receptors, 
AUC decreased in response to isoproterenol, showing that with the increased availability of 
cAMP and cGMP, is greater effectiveness of beta adrenergic receptors.  
In animals, GH inhibition of eNOS causes reduction in AUC isoproterenol alone in the 
absence of endothelium. 
 The glucocorticoid expression is dependent on serum corticosterone [71]. Our results 
showed no changes in glucocorticoids receptor expression, probably due to this model, not 
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having difference in serum levels of corticosterone compared to its WKY control 
(unpublished data), but both higher than Wistar rats. 
In conclusion: Our results demonstrate that hypertensive animals have a lower 
contractility to Phe compared to normotensive, and changes in expression of proteins 
presented in this model is the result of adaptations derived from hyperactivity of the 
sympathetic system presented by these animals. This study highlights the importance of the 
analysis of aortic rings in the presence and absence of endothelium. The results are helpful to 
understand the participation of both the endothelial cell as the smooth muscle cell in the 
modulation of adrenergic receptors in the performance of their function vascular animals 
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The association between chronic stress and the development of hypertension has been 
reported in the literature. High sympathetic stimulation has been identified one of the 
etiological factors of hypertension, and it is related to alter adipokines and inflammatory 
cytokines productions, so the investigation of adipokines profile in two different models of 
hypertension becomes helpful to better understand the context of hypertension. Thus, our 
purpose was to conduct an analysis of electrocardiographic parameters in two models of 
hypertension and analyze the expression of adipokines and inflammatory cytokines in heart 
tissue. Twenty four adult rats were used. The models choose were hypertension induced by 
nitric oxide synthase inhibitor (L-Name, 40 mg/kg/day for 5 weeks) and genetic hypertension 
(Spontaneously hypertensive rats-SHR) with its respective controls, Wistar (W) and Wistar-
Kyoto (WKY). The differences between controls were also evaluated. The methodology used 
was electrocardiography with arterial catheterization procedure for blood pressure 
measurement followed by western blotting technique to analyze the protein content of 
adipokines and inflammatory cytokines.  Statistical analysis was performed by Student t test, 
with p <0.05. Our results showed that the hearts isolated of L-Name-model have prolongation 
of intervals JT and QT .The hearts of SHR-model showed a commitment in electric driving 
both atrial and ventricular tissue, and exhibit signs of developing ischemic framework. The 
WKY initially showed short PR interval along with increased QRS complex and 15 weeks 
showed only QT prolongation, all the changes compared to the Wistar rats. The cardiac tissue 
of L-Name-model presented less IL-6 and no changes in expression of adiponectin and IL-1β, 
when compared with W rats. The cardiac tissue of SHR-model showed no change in 
expression of IL-6, adiponectin of IL-1, when compared with WKY. No changes were 
observed in the expression of adiponectin, IL-1β and IL-6 in the comparison between the two 
101 
 
controls. The other side we observed significant reduction in PDE3A when comparing the 
controls. We conclude this work, both feature increased blood pressure values models, 
however heart adaptive mechanisms are distinct due to heart worse function was observed in 
the genetic hypertension, and adipokines are not involved on it.  
Keywords: Hypertension, electrocardiogram, hypertension L-NAME-induced hypertension, 





Excessive exposure to stressors triggers imbalance of adaptive systems with an 
increasing in response to chronic stress, circulating levels of cortisol and adrenaline, causing 
hyperactivation of the sympathetic nervous system and consequently generating diseases [1-
5], with the emphasis on research cardiovascular disease. The heart diseases are still 
considered the major causes of death worldwide [6]. 
The association between chronic stress and the development of hypertension has been 
reported in the literature [1, 3, 7, 8].  High sympathetic stimulation has been identified as one 
of etiological factors of hypertension [9-11].  It is known since the 60s, with the Framingham 
study, that hypertension precedes various cardiovascular diseases and is considered a risk 
factor for the same [12]. The physiological processes that surround the hypertensive disease 
are complex and challenging and entice researchers to elucidate the mechanisms involved in 
its pathogenesis [13, 14]. 
Hypertensive rats model are fundamental to the advancement of medical research, 
allowing the investigation of the origin and evolution of the disease [15, 16]. The model of 
hypertension-induced endothelial nitric oxide synthase inhibitor (L-NAME) and the model of 
spontaneous hypertension rats (SHR) present sympathetic hyperactivity well established in 
the literature [17-19]. Both models have sustained systemic hypertension, with reliable 
experimental models for hypertension research [18, 20-24]. 
Abnormalities in the structure and function of the heart are important indications for 
serious cardiovascular complications of hypertension such as heart failure, sudden death [25]. 
Therefore, studies have focused on the investigation of these changes in hypertension [26]. 
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One approach frequently used in studies of cardiovascular disease is the 
electrocardiogram (ECG) because it reflects the electrical activity of the heart-shaped valid, 
reliable, and possible repetitions [25, 27].  The ECG analyzes the electrical impulses in the 
heart muscle, resulting in electrocardiographic tracing, which enables the prognosis of heart 
disease [28]. This tracing is composed by waves, wherein the P-wave represents the electrical 
activity via the atrial depolarization of the atrium [25]. The prolongation of the P-wave has 
been associated with hypertension caused by endothelial dysfunction and interatrial 
conduction delay [29, 30]. The QRS wave complex is the ventricular activity through the 
ventricular depolarization [25].  The duration of the QRS interval and the amplitude of the 
waves separately are related to the mortality in hypertension disease [31, 32]. The closure of 
the ventricular work is represented by the T wave marking the repolarization of the ventricles. 
The QT interval and its correction for heart rate (QTc) also are important markers of 
ventricular action in the heart and has been the subject of study in various cardiovascular 
pathologies [25]. 
By the other side, increased sympathetic activity also leads to release of adipokines 
and pro-inflammatory cytokines, which directly influence the development of hypertension in 
that the investigation of the release of inflammatory cytokines and adipokines has reached the 
interest of researchers in the context of hypertension [33-35].  Studies in hypertensive patients 
indicate that the Increase of serum pro-inflammatory cytokines, IL-6 and IL-1 are involved 
in the development of hypertension [36] whereas it was observed that is the plasma 
concentration of adipokines is low in hypertensive patients compared with normotensive [37]. 
Thus the adiponectin is an reported the adipokine with a protective effect in the context of 
hypertension [35]. 
Considering the hyperactivity of the sympathetic nervous system described in these 
models of hypertension, and the importance of electrocardiographic evaluation as well as the 
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profile of adipokines and inflammatory cytokines in hypertension, we proposed in this work, 
conduct a comparative analysis electrocardiographic between models of genetic and 
hypertension induced by L NAME, and evaluate the content of the protein adiponectin and 
inflammatory cytokines (IL-1 and IL-6) in heart tissue, focused on the prognosis and 
assessment of cardiovascular risk. A comparative analysis between the different control rats, 
Wistar and Wistar-Kyoto, is also focus of our study. 
Methods 
In this study we used as control rats Wistar (W) and Wistar-Kyoto (WKY). For the 
genetic hypertension model we choose spontaneously hypertensive rats (SHR) and for the 
induced hypertension model we inhibit nitric oxide synthesis  by L-NAME (40 mg/kg/day, for 
5 weeks in the drinking water, from the 10 week of life of the animal) [38]. Water was 
exchanged three times a week, with correction in dose/weight. The rats were kept under 
constant temperature of 22 ± 2 °C with light-dark cycle of 12/12 hours and treated according 
to the rules established by Olfert et al., (1993) [39]. Feed and water were provided ad libitum. 
The animals were divided into four groups; control Wistar (W, n=6), induced 
hypertension (L-Name, n=6), control Wistar Kyoto (WKY, n=6), and genetic hypertension 
(SHR, n = 6). Zoletil 50® (Zolazepam and Tiletamine) was used for anesthesia at a dose of 
1.16 mL per kilogram of body weight associated with Anazedan® (Xylazine) at a dose of 
0.56 mL per kilogram of body weight [38], Euthanasia was performed by deepening of 
anesthesia by exsanguination after cardiac puncture. All procedures and protocols were 
approved the Ethics Committee on Animal Use CEUA with protocol number 2615-1 
 
Drugs and Antibodies 
L-NAME hydrochloride (Enzo Life Sciences International, Inc.5120 Butler Pike, 
Plymouth Meeting, PA 19462), ACRP30-R sc: 17044; IL-6-M sc-1265 and PDE3A-G 
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sc:11830 obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA) and IL-1β-R 
ab9722; β-actin-R ab-8227 obtained from Abcam 
Blood Pressure 
The blood pressure monitoring was performed at the end of the 15
th
 week under 
anesthesia. Blood catheterization was performed with introduction of a cannula (PE 50) into 
the right carotid artery of anesthetized animals, and connected to a pressure transducer strain-
gauge type connected to a MLS370 amplifier/7 blood pressure Module (ADInstruments - 
Australia) and to the data acquisition system PowerLab 8/30. To analyze the results we used 
the Software LabChart Pro (ADInstruments - Australia) [40].  
Electrocardiography 
The rats anaesthetized were set in the supine position for electrocardiographic 
recordings during spontaneous breathing. The recordings were made in 6
th
 weeks and 15
 th
 
weeks of age and performed with electrodes in the form of hypodermic needles with 
computerized electrocardiograph four MLS360 channels/7 ECG Analysis Module 
(ADInstruments - Australia), during 5 min [41].  
Western Blotting  
Fragments of the extracted heart and subjected to homogenization in 1:100 mL mg of 
tissue in buffer for protein extraction (100 mmoL /L sodium pyrophosphate, 10 mmol/L 
orthovanadate, sodium 100 mmoL/L fluoride sodium, 10 mmoL/L EDTA, 100 mmoL/L 
Trisma base, 10% SDS) at 4 °C. After that, the material was centrifuged for 40 minutes at 
11.000 rpm, 4°C and only the supernatant was used. Protein concentration was determined by 
Bradford method [42] and reading with a spectrophotometer with a wavelength of 595 nm, 22 
°C. Immune complexes containing 50 g protein were suspended in Laemmli buffer 
containing 100 mM DTT (Dithiothreitol) and after rapid boiling in a dry bath were applied 
and separated by polyacrylamide gel electrophoresis in presence of sodium dodecylsulfate 
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(SDS -page) followed by transfer to nitrocellulose membrane BIO-RAD apparatus (Trans-
Blot® SD Semi-Dry Transfer Cell / US). Incubation with specific antibodies was done during 
48 hours. Antibody binding to nonspecific proteins was minimized by pre-incubating the 
membrane with blocking buffer (3% milk or 1% gelatin, 10 mM Tris, 150 mM NaCl, 0.02% 
Tween 20) overnight. After stripping quantitation was performed to obtain new antibodies. A 
supplementary material showing each assay can be access at Annex 3Visualization of protein 
bands was carried out through the reaction with secondary antibodies, conjugated to 
peroxidase and detected by chemiluminescence in ImageQuant ™ LAS 4000 system (GE 
Healthcare Bio-Sciences AB). The bands were quantified by densitometry (UN-SCAN-IT 
Graph Digitizer, Silk Scientific / USA) and normalized by β-actin [43, 44]. 
Statistical Analyses 
The results were considered within the normal Gaussian distribution after using the 
Kolmogorov-Smirnov test, and then the data was analyzed by Student t test. The results were 
expressed as mean ± SEM and the number of experiments is show in tables and figures. For 
all analysis we used the Prism software (GraphPad Software Inc., USA). P values less than 
5% were considered significant. 
Results 
Blood Pressure 
In the analysis of blood pressure, collecting in 15
th
 week our data demonstrate that the 
systolic blood pressure was significant increase in the L-Name rats and SHR when compared 
to their respective controls, W and WKY rats. There were no significant differences in 
systolic blood pressure between the two hypertensive groups, and no significant differences 
were observed between the two controls (Table 1). The same was observed in diastolic 
pressure, in the diastolic blood pressure mean, arterial pressure mean parameters, i.e. L-Name 
and SHR rats presented higher values when compared with their respective controls. There 
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were no differences between hypertensive rats (L-Name vs SHR), neither between controls 
(W vs WKY; Table 1). 
The time to peak parameter was higher in SHR rats when compared with WKY but 
where not different of L-Name rats. No difference was observed in this parameter in control 
rats (Table 1). 
There were no differences in pulse pressure, ejection and non-ejection duration and 
cycle duration between all groups studied (Table 1). 
Blood pressure evaluation of hypertensive (L-Name and SHR) and normotensive (W and 
WKY) rats at 15
th
 week of age. 
 
W L-Name WKY SHR 
Systolic Pressure 118.8 ± 6.749 156.4 ± 12.39
*
 119.5 ± 4.400 139.4 ± 4.855
*
 
Diastolic Pressure 96.28 ± 10.23 133.6 ± 12.80
*
 95.85 ± 6.267 114.6 ± 5.235
*
 
Pulse Pressure 22.54 ± 4.261 22.83 ± 2.003 23.61 ± 1.980 24.86 ± 2.100 
Mean Pressure 106.9 ± 9.218 145.2 ± 12.36
*
 107.1 ± 5.883 127.1 ± 4.869
*
 
Ejection Duration (s) 0.0608 ± 0.0033 0.0736 ± 0.0157 0.0616 ± 0.0034 0.0690 ± 0.0090 
Non-Ejection Duration (s) 0.0777 ± 0.0050 0.0897 ± 0.0080 0.0811 ± 0.0046 0.0895 ± 0.0109 
Cycle Duration (s) 0.1389 ± 0.0076 0.1496 ± 0.0100 0.1421 ± 0.00786 0.1555 ± 0.0093 
Time to Peak (s) 0.0309 ± 0.0047 0.0399 ± 0.0031 0.0230 ± 0.0022 0.0405 ± 0.0037
*
 
Mean Diastolic Pressure 102.9 ± 10.06 141.4 ± 12.20
*
 103.0 ± 6.107 128.2 ± 3.191
*
 
Table 1: Mean ±SEM of blood pressure parameters of the L-NAME and SHR rats and their respective controls, Wistar and 
Wistar-Kyoto at 15 weeks of age. Treatment of L-NAME was 40mg/Kg/Day for 5 weeks. * Comparing the groups (W vs L-
NAME; SHR vs WKY; L-NAME vs SHR; W vs WKY), Student t test, p<0.05, number of experiments in each group was 6.  
 
Electrocardiographic (ECG) analysis: 
The first 6 weeks of age the L-Name rats showed no significant ECG changes relative 
to its Wistar control (Figure 1 and 2, Table 2). However the 15-week-old observed that L-
Name-hypertensive rats had increased QT, QTc and JT intervals  in relation to its control, 
108 
 
suggesting impaired ventricular conduction resulting from this treatment (Figure 1 and 2, 
Table 2).  
Typical Electrocardiogram of Wistar and L-Name-hypertension rats with 6 and 15 weeks of 
age. 
 
Figure1: Typical tracing of rat electrocardiogram A) Wistar 6 weeks (W6w), B) L-Name-hypertension 6 weeks 




Electrocardiogram tracing records of Wistar and L-Name-hypertension rats with 6 and 15 
weeks of age 
 
Figure 2: The electrocardiographic tracing  A) Wistar 6 weeks (W6w), B) L-Name-hypertension 6 weeks (L-
Name6w), C) Wistar with 15 weeks (W15w) and D) ) L-Name-hypertension 15 weeks (L-Name15w). 
In our experimental conditions, the SHR rats with 6 week of age presented a decreased 
heart rate (HR) and an increase in the RR interval in relation to its control WKY.  At this age, 
SHR rats also presented changes in atrial electrical conduction, such as increased in PR 
interval and in duration of the P-wave. Alterations in ventricular function were also observed, 
with a decrease of the QT and QTc interval, and increase in the amplitude of the Q wave in 
conjunction a decrease in the amplitude of R and S waves (Table 2). 
Considering the visual analysis of electrocardiogram of these animals, we can confirm 
that at 6 weeks of age there is a delay in atrial conduction and shortening in ventricular 
conduction compared to WKY control (Figure 3 and Figure 4). 
With 15 weeks of age the SHR rats remained with lower HR in relation to its control 
as well as an increase in RR interval (Table 2). In relation to the atrial conduction animals still 
presents difficulties in atrial conduction with increase in P-wave duration (Table 2). 
Interestingly there were no longer present shortening of QT, QTc and JT (Table 2) when 
compared with WKY rats, probably due to failure in ventricular conduction characteristic of 
this group at 15 weeks. 
In an analysis of the electrocardiographic tracing of these animals, we can see signs of 
extra ventricular systole followed by compensatory pauses to this effect, which characterizes 
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ventricular conduction failure in the SHR group compared to WKY controls (Figure 3 and 
Figure 4). 
Typical Electrocardiogram of Wistar-Kyoto and SHR rats with 6 and 15 weeks of age. 
 
Figure 3: Typical tracing of rat electrocardiogram A) Wistar-Kyoto 6 weeks (WKY6w), B) SHR 6 weeks 
(SHR6w), C) Wistar-Kyoto with 15 weeks (WKY15w) and D) SHR 15 weeks (SHR15w).  
 
Electrocardiogram tracing records of Wistar-Kyoto and SHR rats with 6 and 15 weeks of age  
 
Figure 4: The electrocardiographic tracing A) Wistar-Kyoto 6 weeks (WKY6w), B) SHR 6 weeks (SHR6w), C) 










Table 2: Mean ± SEM electrocardiographic parameters of the L-NAME and SHR rats and their respective 
controls, Wistar and Wistar-Kyoto (n=6) at 6-15 weeks of age. @comparing the groups (Student t test, p <0.05). 





Regarding the differences between models of hypertension, our results demonstrate 
that at 6 weeks the SHR rats already presents several changes compared with L-Name-
hypertensive rats, such as decrease in heart rate, increase in RR and PR interval, and an 
increase in duration and amplitude of P wave as well as reduction of the QT interval, QTc and 
JT (Table 2, Figure 5, and Figure 6). With 15 weeks of age, SHR rats presents greater RR 
interval than the L-Name-hypertensive rats, as well as increase in the amplitude of the P 
wave. The SHR rats showed shortest at JT interval compared to L-Name-hypertensive rats 
(Table 2, Figure 5 and Figure 6). 
Typical Electrocardiogram of L-Name-Hypertension and SHR rats with 6 and 15 
weeks of age. 
 
Figure 5: Typical tracing of rat electrocardiogram A) L-Name-Hypertension 6 weeks (L-Name6w), B) SHR 6 




Electrocardiogram tracing records of L-Name-hypertension and SHR rats with 6 and 15 
weeks of age  
 
Figure 6 The electrocardiographic tracing A) L-Name-hypertension 6 weeks (L-Name6w), B) SHR 6 weeks 
(SHR6w), C) L-Name-hypertension 15 weeks (L-Name15w) and D) SHR15 weeks (SHR15w). 
 
We also done analysis between two controls  (Wistar and Wistar Kyoto) and our 
results showed that 6 weeks the WKY rats presents reduction in PR interval and increased 
QRS interval (Table 2), and with 15 weeks old, the Wistar Kyoto group demonstrated 
increase in the QT interval when compared to the Wistar group. The controls tracing 
recordings are showed in Figures 7 and 8 (Table 2, Figure 7 and 8). 
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Typical Electrocardiogram of Wistar and Wistar Kyoto rats with 6 and 15 weeks of 
age. 
 
Figure 7: Typical tracing of rat electrocardiogram A) Wistar 6 weeks (W6w), B) Wistar Kyoto 6 weeks 
(WKY6w), C) Wistar 15 weeks (W15w) and D) Wistar Kyoto 15 weeks (WKY15w). 
 
Electrocardiogram tracing records of Wistar and Wistar Kyoto rats with 6 and 15 weeks of 
age  
 
Figure 8: The electrocardiographic tracing A) Wistar 6 weeks (W6w), B) Wistar Kyoto 6 weeks (WKY6w), C) 
Wistar 15 weeks (W15w) and D) Wistar Kyoto15 weeks (WKY15w). 
 
Adipokines and inflammatory cytokines 
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Our results showed that with 15 weeks old, the cardiac tissue of L-Name-hypertensive 
rats did not present alterations in the protein contents of adiponectin and IL-1. However, in 
this hypertension model there was significant reduction in contents of IL-6, when compared 
with its Wistar control (Figure 9).  
Cardiac tissue of SHR rats showed no significantly alteration in protein contents of IL-
1β, IL-6 and adiponectin (Figure 9). 
The protein content of IL-1β, IL-6 and adiponectin showed no significant changes in 




Protein content of Adiponectin, IL-1 and IL-6 in cardiac tissue of hypertensive (L-Name-





























































































































































Figure 9: After obtaining the stratum total protein, of heart, preparation was carried SDS-PAGE for 
quantification of proteins responsible for the maintenance of basal vascular tone. The following proteins were 
quantified: Adiponectin (ACRP), IL-1β e IL-6. All assays were normalized β-actin. The analyzes were 
performed comparing Wistar vs L-Name (A, B and C), WKY vs SHR (D, E, and F) and Wistar vs WKY (G, H, 
and I). All analyzes were done with n = 6 different experiments * The normalization was performed with -actin 
concomitantly the same samples Adiponectin (ACRP), IL-1β e IL-6, consistent with the comparison between 
groups, further comparison Wistar vs WKY normalization was also used to PDE3A The membrane (Wistar vs 
WKY) was first used to obtain ACRP and then stripping was conducted to obtain PDE3A. A supplementary 
material showing each assay can be access at Annex 3.** Student t test was used in all groups (p<0.05). 
Protein content of PDE3A in cardiac tissue of hypertensive (L-Name-hypertension and 




































































Figure 10: After obtaining the stratum total protein, of heart, preparation was carried SDS-PAGE for 
quantification of PDE3A. All assays were normalized β-actin. The analyzes were performed comparing Wistar 
vs L-Name (A), WKY vs SHR (B) and Wistar  vs WKY (C). All analyzes with n = 6. *The normalization was 
performed with -actin concomitantly the same samples Adiponectin (ACRP), IL-1β e IL-6, and PDE3A 
consistent with the comparison Wistar vs WKY.  The membrane (Wistar vs WKY) was first used to obtain ACRP and 
then stripping was conducted to obtain PDE3A. A supplementary material showing each assay can be access at 




This study aimed performs a comparative analysis of electrocardiographic parameters 
of two models of hypertension, and their controls. Hypertension is the most common risk 
factor for the development of other cardiovascular diseases [45] Due to the increase of 
cardiovascular diseases resulting from hypertension; many models have been established for 
the help of research [16]. ]. Hypertension is closely linked with chronic stress [1, 3, 7, 8]. One 
response to chronic stress is sympathetic hyperactivity [1-5].  It is well established that the 
model of hypertension induced by L-NAME and the genetic hypertension model (SHR) 
present sympathetic hyperactivity disorder, making it a good model to study [17-19].  
Our results demonstrate that both models had high blood pressure, systolic, diastolic 
and mean pressure at the end of 15 weeks. Ribeiro et al, 1992 identified progressive increase 
in blood pressure after 30 days of life already 168 mmHg to 108 mmHg respective controls in 
L-Name model [46]. The SHR rats develop hypertension around of the 5 weeks of age with an 
increased cardiac output but with normal peripheral resistance [16]. Hazari et al., 2009 
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showed no differences in the blood pressure study (systolic, diastolic and mean) between SHR 
and WKY rats at 11 weeks of age [47]. However, our results are consistent with recent 
research pointing to increased blood pressure of spontaneously hypertensive animals 
compared to their Wistar Kyoto control [48, 49]. There are no studies in the literature 
comparing the ECG analysis of Wistar and WKY rats.   
The electrocardiogram is considered one of the most important methods in diagnosis 
and prognosis of cardiovascular disease, characterized by being a simple technique, 
noninvasive, and reliable becomes widely used in medicine [25, 50]. 
In relation to heart rate we observed that SHR rats showed a decrease in heart rate in 
relation to its control as well as when compared to L-Name- hypertensive rats. One possible 
explanation for this is the involvement of cAMP, which in a situation of reducing heart rate 
cAMP would be in a lower availability due to an increase in its degradation by PDE3A. For 
this we perform the measurement of the expression of phosphodiesterase 3A (PDE3A) in the 
heart tissue of our experimental groups. And we demonstrate that there are no statistical 
differences between hypertensive rats and its controls, however there are decrease in PDE3A 
expression in WKY rats when compared with W rats (Figure 10). 
PDE3A is considered the most cAMP regulator in cardiomyocytes and an important 
regulator of cardiac contractility [51-53].  Increased expression of PDE3A results in reduced 
availability of cAMP, and changes in cyclic nucleotide homeostasis has been related to a large 
number of diseases including hypertension [54].   
The availability of cAMP is also linked to functionality of hyperpolarization-activated 
cyclic nucleotide-gated channels (HCN), where stimulation beta adrenergic the heart, causes 
the activation of adenylate cyclase and resulting increase in cAMP synthesis [55].  Increased 
cAMP raises the potential membrane, which results in greater depolarization rate, and 
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subsequent increase in heart rate cAMP acts as a second messenger in the modulation of HCN 
channels [56].     
Our results showed that there is differences between controls, with decrease in protein 
content PDE3A expression in WKY, generating greater availability cAMP and allegedly 
causing an increase in depolarization conducted by HCN channels in the sinus node [55], of 
these animals, can be considered a possible explanation for the cardiac abnormalities found in 
Wistar Kyoto. However, studies in the literature that explain these effects are scarce and 
technical limitations avoid us to validate this hypothesis, so further studies are needed to 
confirm these mechanisms. 
In a study of electrocardiographic parameters in hypertensive adult rats by L-NAME 
(50 mg / kg / day) was shown to increase in RR interval, longer duration of the P wave and 
ST-segment elevation [57].  
However, in our results, the treatment with L-NAME induced at the end of the 15
th
  
week increase in QT, QTc and JT interval. Prolongation of QT interval and the JT are 
considered indicative ventricular arrhythmia and sudden death, and ventricular arrhythmias 
are the major causes of sudden death in hypertension [25, 58]. 
Genetically hypertensive rats also showed increased RR interval consisting with 
bradycardia demonstrated by them. The RR interval is related to the heart rhythm [59] in 
situations where atrial electrical activity is unregulated; the RR interval is not constant due to 
irregular heartbeat. Changes in the RR interval can be related to ventricular extra systole, 
which agrees with the changes found in traces of genetically hypertensive rats, which was no 
longer observed in induced hypertension model [60].  
Increase in the PR interval is also linked to bradycardia [59]. Represents and delayed 
conduction of electrical impulses in the atria to the ventricles, ventricular dysfunction related 
to atrium [61]. Corroborating to the failure atrial conduction found in SHR rats  our results 
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also are consistent with studies by Hazari et al., 2009 that showed prolongation of PR interval 
in SHR compared with WKY [47, 62].  
Genetically hypertensive animals besides the delay in atrial conduction, also 
demonstrated failures in ventricular conduction, showing in the 6 week of age a decreased QT 
and QTc and shortening of QT. These results are consistent with syndrome characteristics 
also found in cases of electrolyte disorders such as hyperkalemia [63]. 
In the study Hazari et al., 2009, they describe that SHR rats at 12 weeks of age 
presents a prolongation of the interval QT, JT and QTc. In our studies  SHR 6 weeks old rats 
demonstrated initially decrease the duration of QT, JT and QTc interval, which probably is 
related to electrolyte disturbances such as, hyperkalemia described previously [64-66]. 
Analyzing the electrocardiographic tracings we can consider that in addition to the failures in 
electric driving, the SHR rats presents T wave inversion characteristics, which leads us to 
suggest that possibly this group will develop an ischemic frame with advancing hypertension. 
The balance related to the action of adipokines and inflammatory cytokines is directly 
related in cardiovascular disease [67]. One feature of arterial hypertension is an increase of 
serum pro-inflammatory cytokines, such as IL-6 and IL-1β [68]. Studies have shown an 
inverse relationship in the adiponectin expression, and IL-6 [69], in this context, adiponectin 
plays an anti-inflammatory role in hypertension [35]. Adiponectin levels alter the 
inflammatory effects of cytokines having antagonistic function to them [70]. Human studies 
demonstrate the existence of high release of pro inflammatory cytokines in hypertension and 
decreased plasma concentration of adiponectin [33, 71, 72].  
In our study, there were no significant changes in content of adiponectin- in both 
models of hypertension. However, in L-NAME-hypertensive rats we detected a reduction in 
IL-6. Studies in normotensive rats treated with Parecoxib, a COX-2 inhibitor, demonstrate 
increased blood pressure [73]. But there is no research to elucidate the involvement of these 
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inflammatory cytokines in the model of hypertension induced by L-NAME. Other studies in 
animals with persistent ventricular failure, demonstrated that treatment with epoprostenol, an 
activator of PGI2, decreased IL-6 and IL-1β levels [74]. Probably IL-6 decrease in involved as 
a cause or consequence of cardiac disturbances found in this hypertensive model. 
Glucocorticoids inhibit IL-6 synthesis [75]. Data from our research group also 
demonstrate that in the hypertension induced by L-NAME induced an increase in serum levels 
of glucocorticoids with reduced expression of its receptor. An adaptive modulation of 
vascular tone endothelium-dependent also happens, with changes in pathway nitric oxide 
(reduced expression of PKG and PI3K). Alterations in the  adrenergic pathway (reduced 
expression of Gq protein) and the  adrenergic (reduced expression of 1 and Serca 2 and 
increased expression of 3) were observed in  in aorta tissue, and probably are  tissue specific.  
Conclusion  
We conclude with this work that cardiac function is different between the two study 
models of hypertension. The SHR rats present damage in cardiac functioning, and adipokines 
are not involved with this effect.  
As the main responsible for the development of hypertension in L-NAME-induced 
hypertension model is related to changes ventricular performance, and probably IL-6 has a 
holding in an adaptive mechanism that hypertension was induced by L-NAME.  
The ECG-WKY alterations should be due to PDE3A decreased levels and these 
alterations are not enough to develop hypertension in this group. This size studies are 
essential in the process of clarifying the different types of hypertension. 
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Estresse é um termo mundialmente conhecido. Foi definido e popularizado por Hans 
Selye em 1936, como a síndrome geral da adaptação propondo a participação ativa do eixo 
hipotálamo hipófise adrenal (HPA) (Selye 1946). Entretanto em 1988 Sterling e Eyer 
definiram o conceito de alostasia, que se referia a constante adaptação do organismo frente a 
situações cotidianas reestabelecendo um novo equilíbrio por meio de mecanismos alostáticos. 
Os autores cunharam este termo considerando o sistema cardiovascular, entretanto, em 1998, 
Bruce McEwen difundiu este conceito para todos os sistemas do organismo, revolucionando 
assim o que se conhecia sobre estresse  (Sterling e Eyer 1988, McEwen 1998).  
A partir deste conceito, a resposta ao estresse crônico levaria a desrregulação dos 
mecanismos alostáticos com consequente aumento de adrenalina e cortisol circulante 
ocasionando hiperatividade do sistema nervoso simpático gerando o estado de sobrecarga 
alostatica, promovendo o desenvolvimento de doenças, com enfase, nas doenças 
cardiovasculares em especial a hipertensão arterial  (McEwen 1998, Seeman, McEwen et al. 
2001, McEwen 2004, Hamer, Endrighi et al. 2012, Peters e McEwen 2015).  
A hipertensão arterial está intimamente ligada à sobrecarga alostática e um crescente 
número de pesquisas tem se voltado para essa correlação (Dzau, 1986; Seeman et al., 2001; 
McEwen, 2004; Brotman et al., 2007; Logan et al., 2008; McEwen et al., 2015; Peters et al., 
2015).  O sistema nervoso simpático participa ativamente da regulação da pressão arterial 
através de alterações na reatividade vascular mediada por receptores alfa e beta adrenérgicos 
(Silva et al., 2010; Ferguson et al., 2014; Sousa et al., 2015). 
Os modelos animais de hipertensão arterial são ferramentas fundamentais para a 
pesquisa médica, bem como sua aplicabilidade clinica, e extremamente relevante para a 
compreensão da origem, desenvolvimento e progressão da doença (Badyal et al., 2003; 
Dornas et al., 2011).   
Já está bem relatado na literatura que os modelos de hipertensão induzida por L-
NAME e animais espontaneamente hipertensos (SHR), exibem aumento da atividade do 
sistema nervoso simpático (Fazan Jr, Silva et al. 2001, Biancardi, Bergamaschi et al. 2007, 
Berg 2014).  
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O modelo de hipertensão induzida por L-NAME é considerado um modelo de estresse 
ambiental, pois a indução da hipertensão ocasionaria alterações no ambiente hormonal deste 
animal, desencadeando e exacerbando a resposta ao estresse, tal como o ambiente em seres 
humanos, sendo equivalente a hipertensão secundária em humanos. Com o tempo de 
tratamento o estresse ocasionado neste animal é considerado estresse crônico. 
O modelo de hipertensão por animais espontaneamente hipertensos (SHR) é 
equivalente a hipertensão primária humana, portanto considerado um modelo de estresse 
essencial, tendo o desenvolvimento da hipertensão a partir da 5
a
. semana de vida. Com o 
tempo estipulado nesta tese de 15 semanas de vida, o ambiente hormonal deste animal SHR, 
desencadeia respostas equivalentes ao estresse crônico. 
Considerando que no sistema cardiovascular os efeitos do estresse crônico são 
modulados por meio de receptores adrenérgicos, em relação a estes modelos ainda não estão 
completamente elucidados os mecanismos modulatórios pelos quais os receptores alfa e beta 
adrenérgicos exercem sobre a sobre a reatividade vascular destes animais, bem como não está 
completamente elucidada na literatura quais as alterações eletrocardiográficas decorrentes do 
estresse crônico nestes modelos de hipertensão. 
Nossos resultados demostraram que ambos os modelos de hipertensão apresentaram 
alterações opostas dependentes do endotélio na resposta contrátil a fenilefrina. Sendo que na 
hipertensão induzida por L-Name houve aumento da sensibilidade a fenilefrina junto a 
redução na resposta máxima e resposta total, analisada em área sob a curva.  
Entretanto o modelo de hipertensão genética foi menos sensível a fenilefrina, visto que 
não apresentaram alteração na resposta máxima bem como na área sob a curva.    
Pesquisas apontam que o tratamento ao longo prazo com L-NAME na água de beber 
(100 mg/kg/dia) diminui a resposta contrátil a fenilefrina por redução na atividade contrátil do 
musculo liso, porém esse efeito não foi observado em baixas doses (10 mg/kg/dia (López et 
al., 2004).  Araújo et al., 2012 mostraram que animais hipertensos induzidos por L-NAME 
tem a sensibilidade a fenilefrina aumentada (de Araujo et al., 2013). Nesta tese demostramos 
que mesmo em baixas doses (40 mg/Kg/dia), entretanto com tempo prolongado de tratamento 
(5 semanas), já obtivemos redução da resposta contrátil a fenilefrina assim como aumento da 
sua sensibilidade, sendo este efeito dependente do endotélio, sugerindo portanto alterações 
nas liberação de substâncias originadas nas células endoteliais. 
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Redução da resposta contrátil a fenilefrina também foi observada por Chan e seus 
colaboradores 2011, em animais espontaneamente hipertensos (Chan, Fenning et al. 2011). 
Corroborando com dados encontrados nesta tese. A redução de sensibilidade à fenilefrina no 
grupo geneticamente hipertenso sugere a participação de outros produtos que influenciam no 
relaxamento vascular dependente das células endoteliais. 
Ambos os modelos apresentam alterações moleculares na via do NO/GMPc, sendo que 
o modelo de hipertensão induzida demostra redução na expressão da PKG ao passo que no 
modelo de hipertensão genética é observado diminuição na expressão da eNOS, diminuição 
na GC e diminuição na PKG.  
Em relação a via da adenosina os modelos também mostraram alterações sendo que na 
hipertensão induzida observamos diminuição na expressão de PDE3A junto a e na hipertensão 
genética observamos o efeito oposto, aumento na expressão vascular de PDE3A e bem como 
no receptor de adenosina 2A. 
Provavelmente tais alterações moleculares referentes a manutenção do tônus vascular 
destes animais seja decorrente de um efeito compensatório ao tempo de hipertensão 
caracterizado nestes animais,  
Em relação a modulação alfa adrenérgica ambos os modelos demostraram aumento na 
expressão do receptor α1A seguido de redução na expressão da proteína Gq, o que se associa a 
redução da resposta contrátil encontrada em ambos os modelos de hipertensão na 15
a
  semana 
de vida. Não há relatos na literatura a cerca destas alterações moleculares e justificam as 
respostas funcionais alteradas observadas neste estudo no modelo de hipertensão induzida. 
Com relação à resposta beta adrenérgica ao agonista não seletivo (-)- isoproterenol 
levou a respostas bifásicas em ambos os modelos, provavelmente devido a isômero utilizado 
neste trabalho. E em decorrência deste efeito analisamos a área sobre a curva 
Os receptores  adrenérgicos não influenciam a resposta vascular apresentada pelo 
modelo de hipertensão genética, sem demostrar alterações na expressão dos receptores 1, 2 
e 3. Corroborando com estudos em anéis de aorta que demostram o similar efeito de 
relaxamento entre animais SHR e WKY com 16 semanas de idade, sugerindo que o prejuízo 
no relaxamento do animal geneticamente hipertenso seja tempo-dependente da evolução do 
estado hipertensivo (Mallem, Holopherne et al. 2005). 
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Porém o modelo de hipertensão induzida demostra redução da área sob a curva ao 
isoproterenol, em relação ao seu controle que pode ser respondida pelo aumento na expressão 
do receptor β1 e redução na expressão do receptor β3, associada à diminuição na expressão da 
serca2, sem alterações no receptor 2.  
Os modelos apresentaram diferenciada expressão do receptor de glicocorticoide, sendo 
que o modelo de hipertensão induzida por L-NAME mostrou downregulation na expressão do 
receptor de glicocorticoide enquanto o modelo geneticamente hipertenso não demostrou 
alterações significativas na expressão deste receptor quando comparado ao seu controle 
Wistar Kyoto. Consistindo com aumento de níveis séricos de corticosterona no modelo de L-
NAME e ausência da elevação destes níveis no modelo SHR (dados não publicados). Dados 
de nosso laboratório corroboram essa hipótese (Farias-Silva, dos Santos et al. 2004, Feng, 
Wang et al. 2006).  
A função cardíaca também se apresentou diferenciada entre os modelos, sendo mais 
prejudicada no modelo geneticamente hipertenso em relação ao modelo de hipertensão 
induzida por L-NAME.  
O tratamento de indução da hipertensão por L-NAME levou aos animais a 
desenvolverem discreto prolongamento do intervalo QT e JT, entretanto tais alterações 
eletrocardiográficas não foram significativamente capazes de prejuízo ao funcionamento 
cardíaco em relação ao grupo normotenso.  
Por outro lado o modelo de hipertensão genética apresentou alterações no 
funcionamento do coração desde o processo de instalação da hipertensão, com aumento de 
intervalo PR, duração da onda P, caracterizando alteração atrial junto a diminuição no 
intervalo QT, JT e QTc, que estão envolvidos com distúrbios eletrolíticos,  de acordo com 
estudos de Hazari em 2009 que mostraram estas alterações em animais SHR  (Ribeiro, 
Antunes et al. 1992, Park, Park et al. 2015).  Porém, com o avançar da hipertensão estes 
animais ainda demostravam falhas na condução elétrica por meio do aumento na amplitude da 
onda P assim como redução na amplitude de Q, R, e S. O grupo geneticamente hipertenso 
além destas características também apresentou modificações na interpretação visual do 
traçado eletrocardiográfico condizentes com inversão de onda T, o que possivelmente levaria 
a essa população de animais a futuramente desenvolver um quadro isquêmico (Bélichard, 
Pruneau et al. 1991).  
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Com objetivo de avaliar as possíveis diferenças entre os ratos controles realizamos 
uma análise comparativa do funcionamento cardíaco entre os animais Wistar e Wistar Kyoto. 
Observamos que os animais Wistar Kyoto apresentaram alterações no eletrocardiograma 
como encurtamento de PR e aumento de QRS com seis semanas que foi seguido de 
prolongamento de QT com 15 semanas. Mesmo com estas alterações os ratos WKY 
mantiveram seus parâmetros de funcionalidade cardíaca semelhante aos do grupo Wistar.   
Muito se relaciona ao aumento de citocinas inflamatórias e diminuição de adiponectina 
na hipertensão (Lobato, Neves et al. 2012, Ndisang, Chibbar et al. 2014, Esfahani, 
Movahedian et al. 2015). Porém nas condições experimentais apresentadas não houve 
diferença significativa entre os grupos hipertensos na expressão de adiponectina, bem como 
na expressão de IL-1β. Entretanto o grupo hipertenso induzido por L-NAME mostrou redução 
na expressão de IL-6, enquanto o grupo geneticamente hipertenso não apresentou alteração na 
expressão desta interleucina. Estudos com animais que apresentaram falha ventricular 
persistente ao realizarem tratamento com epoprostenol, ativador da PGI2, apresentaram 
redução da IL-6 (Kriketos, Greenfield et al. 2004). O papel desta interleucina no 








Conclusões Gerais  
 
Concluímos que o quadro de hipertensão desenvolve respostas vasculares dependentes 
do endotélio e lesões cardíacas independentes de adiponectina. As alterações adaptativas ao 
tônus simpático elevado são distintas entre os modelos estudados indicando uma dependência 
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Hypertension is a silent and multifactorial disease. Over two centuries ago, the first device to 
record blood pressure was developed, making it possible to determine normotension and to 
establish criteria for hypertension. Since then several studies have contributed to construct 
knowledge in this area, promoting significant advances in pharmacological treatments and, as 
a result, increasing survival of hypertensive people. The main models developed for the study 
of hypertension and the main findings in vascular area are focused in this review. We 
considered aspects related to vascular reactivity, changes in the population and action of beta 
adrenergic receptors, and the recent involvement of adipokines in the pathogenesis of 
hypertension.  
 




The last few decades have been marked by an increase in risk factors for 
cardiovascular diseases and the World Health Organization data shows about 17 million 
deaths per year, highlighting 9.4 million deaths per year due to hypertension complications, 
considered a concern (Bernatova 2014; Organization 2013; Silva and Zanesco 2010). 
However, despite the increased prevalence of hypertension in the world, access to 
antihypertensive therapy has increased longevity of this population (Briasoulis et al. 2013). 
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With the evolution and advance our understanding of the hypertension, several models 
of experimental hypertension were developed in the constant search to clarify the paths that 
surround the disease. 
For blood pressure to exercise accurate regulation and ensure proper flow to correct 
perfusion of the organs of the body it is necessary combined action of two functional 
parameters: cardiac output and total peripheral vascular resistance; however, in many cases 
cardiac output is normal and the main change refers to changes in peripheral vascular 
resistance (Beevers et al. 2001).  
Hypertension development is closely associated with altered vascular reactivity, that 
is, any functional impairment in regulating contraction and relaxation of vascular smooth 
muscle would be related to peripheral vascular resistance increase in hypertension (Lee et al. 
2015). Thus, vascular tone is the determining factor in peripheral vascular resistance 
(Blaustein and Hamlyn 2010), where the endothelium is responsible for controlling blood 
hemodynamic (Bahia et al. 2006; Carvalho et al. 2001; Giles et al. 2012). 
In the course of this investigation, the use of animal models has a crucial role in 
advancement of medicine in this area. The main models developed for the study of 
hypertension, considering vascular reactivity and the recent findings of adipokines 
contribution are the focus of this review.  
Origin of Experimental Models of Hypertension 
The first blood pressure measurement was performed by Stephen Hales in 1733. This 
discovery allowed recording the blood pressure of different populations. Thus, it was possible 
understanding the values related to normotension, hypotension and hypertension. In 1927, 
after Hering studies, in which the acute sinoaortic denervation in experimental animals 
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generated elevated blood pressure, the hypothesis that a baroreflex change could lead to 
hypertension was developed (Fazan Jr et al. 2001). Irving Page, in 1949, drew attention by 
stating that hypertension could be a disease of multifactorial origin, which would include 
genetic, environmental, nervous, hemodynamic and metabolic aspects, featuring its 
consideration as Page's mosaic theory (Cabral et al. 1992; Fox and Gutiérrez 2013; Page 
1949). Since then the scientific community tries to understand the mechanisms regarding the 
hypertensive disease, by using hypertension experimental models (Bernatova 2014). 
Among the most widely studied models are: 
Renovascular Hypertension 
The first hypertension experimental model of renal origin was developed by Harry 
Goldblatt, in 1934. He demonstrated that reducing blood supply with the aid of a clip in the 
renal artery would elevate blood pressure in dogs. This model was called Goldblatt 
Hypertension (Goldblatt et al. 1934). The technique consists of unilateral stenosis of a renal 
artery, maintaining sustained hypertension. There were two possibilities: 1- applying a clip 
with contralateral kidney removal, called 1 kidney 1 clip (1K1C), or 2- applying the clip, but 
keeping contralateral kidney, called 2 kidneys 1 clip (2K1C)  (Fazan Jr et al. 2001; Goldblatt 
et al. 1934).  
When the contralateral kidney is maintained, there is a transient increase in blood 
pressure that restores its normal range within a few weeks. However, if the constriction is 
intense to the point of reducing more than 50% of renal flow, the hypertension caused can 
establish a more prolonged level and its severity established according to the degree of 
obstruction. On the other hand, when the contralateral kidney is removed the hypertension 
becomes permanent (Carretero and Romero 1977; Fazan Jr et al. 2001; Ferrario et al. 1971). 
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This model allowed deepening the understanding on the link of hypertension and the 
renin-angiotensin system. When 1K1C technique is applied, the increase in the renin-
angiotensin activity leads to increase peripheral vascular resistance in angiotensin II function 
and via aldosterone by sodium retention, which makes this sodium/volume model dependent 
(Bohr and Dominiczak 1991). However, the 2K1C technique efficiently expels overload 
sodium imposed by the kidney; this model is associated with increased plasma renin activity, 
production of angiotensin II and hypersecretion of aldosterone, even without sodium retention 
and increase in volume present in 1K1C (Fazan Jr et al. 2001; Sales et al. 2015; Swales et al. 
1971). Whereas the kidney plays a central role in the regulation of long-term blood pressure, 
and aiming at improving this situation, the experimental model of renovascular hypertension 
has also been widely used in research (Bastos et al. 2010; Najafipour et al. 2015). 
Mineralocorticoid-dependent hypertension (DOCA-SALT) 
 
 Developed by Selye in 1946, this model is based on the induction of hypertension by 
administering agonist deoxycorticosterone acetate (DOCA), with subsequent association with 
intake of salt and removing a kidney (Formenti et al. 2008; Selye and Stone 1946). 
Excess of mineralocorticoids constitute an effective method in the induction of 
experimental hypertension due to excessive sodium and water retention by the renal tubular 
cells. There is consequently increase in blood volume, and reduced plasma renin activity, 
becoming a dependent volume model (Lee et al. 2015; Zicha and Kuneš 1999). 
Vasopressin (antidiuretic hormone-ADH) also plays an important role in this model. 
ADH is centrally produced, in particular, in the hypothalamus in groups of paraventricular 
and supraoptic neurons in neurohypophysis endings. This hormone is directly involved with 
the electrolyte balance, and induces vasoconstriction at the same time which increases water 
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retention by the insertion of aquaporins in end portion cells of the nephron (Cowley et al. 
1974; Zicha and Kuneš 1999).  
Studies suggest that administration of sodium along with mineralocorticoids increases 
blood volume and changes vascular reactivity, contributing to the development and 
maintenance of hypertension (Berecek and Bohr 1977; Cabral et al. 1992; Lee et al. 2015).  
Genetic Hypertension 
In 1963 Okamoto and Aoki developed an experimental model to study hypertension 
which differed by not requiring pharmacological or surgical interventions (Fazan et al. 2006). 
In this model, animals were genetically selected by genetic inbreeding, Wistar from the city of 
Kyoto, Japan, with high blood pressure, yielding strains of animals with spontaneous 
hypertension, receiving the designation: Spontaneously Hypertensive Rats (SHR) (Okamoto 
and Aoki 1963; Zhang-James et al. 2013).  
From these animals, in 1971, originated a strain considered control of SHR, which 
received the name of Wistar-Kyoto (WKY), for their ancestors are from the original SHR 
strain. These animals, despite their descendants, did not develop hypertension, and by not 
developing as congenital strains to SHR were designated as control (Johnson et al. 1992; 
Kurtz and Morris 1987). The lineage of SHR strains was considered totally pure after 20 
generations of mating, while WKY was distributed before being considered totally pure, due 
to this, the biological variability of WKY may be greater than the SHR (Kurtz and Morris 
1987). 
To better understand the genetic of this model of hypertension, researchers performed 
crosses between WKY and SHR animals. Even recent studies with transgenic models around 
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the mechanisms by which genes control this hypertensive process has been investigated 
(Johnson et al. 1992; Pravenec et al. 2014). 
SHR development is considered a reference in hypertension research. Its importance 
and so extensive research is given by the similarity of its physiopathogenesis with primary 
source hypertension (Fazan Jr et al. 2001). SHR animals develop hypertension at 5 weeks old 









 (Yamori 1984). It was observed in this 
model that the increase in heart rate is prior to the elevation of systolic blood pressure (Fazan 
et al. 2006).  
In this model occurs peripheral vascular resistance increase, and hence changes in 
vascular geometry as well as in the cell membrane of smooth muscle (Fazan Jr et al. 2001; 
Overbeck 1972). Behuliak et al., (2013) observed less calcium sensitization in the vascular 
smooth muscle cell, mediated via RhoA/Rho kinase, probably due to the greater influx of 
calcium by the L-type voltage-dependent calcium channels (L-VDCC) in SHR rats when 
compared to WKY controls; however, this link between hypertensive and normotensive 
should be further clarified (Zicha et al. 2014). 
Salt-Sensitive Genetic hypertension 
Ambard Beaujard (1904) described the relationship between diet with high salt content 
and worsening of hypertension; however, pressure rise in response to excessive salt intake 
varies widely among individuals (Amodeo and Heiman 1998). This range observed in humans 
(Fujita et al. 1980; Sullivan et al. 1980) was also noted in laboratory animals; Dahl et al., in 
1962, using sequential breeding techniques in Sprague-Dawley rats, selected animals which 
obtained the highest and the lowest blood pressure variation on to a high-sodium diet (Dahl et 
al. 1962; Zicha et al. 2012). Resulting from these experiments they obtained two strains, one 
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in which blood pressure increased too much when exposed to high salt diet, called salt-
sensitive (Dahl-SS) and another in which there was little blood pressure modification when 
exposed to sodium overload, called salt-resistant (Dahl-SR). Thus, the genetic model of salt-
sensitive hypertension was characterized (Amodeo and Heiman 1998; Lukaszewicz and 
Lombard 2013). 
Hypertension associated with exacerbated salt intake involves multiple factors 
including the renin-angiotensin-aldosterone system, as well as changes in the vascular 
dynamic due to nitric oxide reduction and increased production of superoxide anions 
(Drenjančević-Perić et al. 2011; Lukaszewicz and Lombard 2013). Thus, this model provided 
important information by contributing to the identification of mechanisms and pathways 
involved in the development of hypertension (Cowley Jr et al. 2014). 
Neurogenic hypertension 
The interaction between the neural, central and peripheral mechanisms in 
cardiovascular regulation with particular emphasis on the genesis of hypertension also 
received attention from several researchers.  
A major source of this hypertension model is the high sympathetic tone, which was 
first described by Krieger et al., (1964), and is one of the most used models in the literature 
for reflex regulation of blood pressure and heart rate study (Santiago et al. 2015). In this 
model, elevated blood pressure within 24 hours does not occur due to a vascular or renal 
defect but to initially neural changes (Tsai et al. 2013) bringing the two sides, the sinoaortic 
denervation (DAS) and lesions in the nucleus of the solitary tract (NTS), which lead to an 
exacerbation of sympathetic afferent pathways and consequent blood pressure increase (Fazan 
Jr et al. 2001).   
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Hypertension due to Chronic Nitric Oxide  Synthase Inhibition 
Hypertension was one of the first diseases associated with decreased bioavailability of 
nitric oxide (NO) (Bernatova 2014). Considered a key molecule in the cardiovascular 
homeostasis and with crucial vasodilator function (Eid et al. 2015), NO also gained 
prominence in the development of hypertension models, specifically related to inhibition of 
NO synthesis (Goessler et al. 2015; Ribeiro et al. 1992; Zatz and Baylis 1998). 
The inhibition of NO synthesis occurs by analogues of L-arginine, as N
G
-monomethyl-
L-arginine methyl ester (L-NAME) through competition with L-arginine by the NO synthase 
enzyme (eNOS) (Batlouni 2001; Girardi et al. 2006; Grassi-Kassisse et al. 1996; Queiroz and 
Batista 1999; Ribeiro et al. 1992; Zatz and Baylis 1998). 
The first description of hypertension in this experimental model was carried out 
independently by Ribeiro et al., (1992) and Baylis et al., (1992) (Baylis et al. 1992; Ribeiro et 
al. 1992) demonstrating that chronic administration of L-NAME was efficient in developing a 
persistent hypertension associated with renal damage. This model leads to a rapid deployment 
of hypertension in the early days, according to L-NAME dose administered, in association 
with intense peripheral vascular resistance (Fazan Jr et al. 2001).   
Ribeiro et al., (1992) reported the involvement of renin-angiotensin system as part of 
this hypertension model, since chronic treatments with angiotensin converting enzyme, or 
antagonists of AT1 receptors were capable to prevent installation, reversing hypertension and 
kidney framework already established (Ribeiro et al. 1992).  
In addition to the eNOS activity decrease, an oxidative load increase also contributes 
to the reduction of bioavailability of nitric oxide in this model (Vrankova et al. 2010). 
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With the development of experimental models of hypertension, we realized the 
relentless attempt to understand factors that would lead to hypertension development, and we 
can perceive the importance of vascular integrity for the establishment of blood balance.  
Thus, the knowledge and understanding of mechanism of action of endothelium-
derived factors become extremely necessary for the prevention and intervention in 
hypertensive disease in order to make possible the development of therapeutic resources and 
advances in the medical field.   
Endothelium and Vascular Tone 
Endothelium is a monolayer of cells covering intermittently the luminal portion of all 
vessels, with a total area resulting in approximately 4,000 to 7,000 m
2
 (van Hinsbergh 1997).  
Furchgott and Zawadzki (1980) describe the endothelium functions besides their 
structural location, giving rise to one of the most notable achievements of vascular 
physiology. It has been shown that the relaxation produced by acetylcholine in rabbit aorta 
and arteriole rings was dependent on the presence and integrity of endothelial cells. They 
showed that endothelium removal prevented the relaxing action of acetylcholine, and 
concluded that this process involved the release of a key factor for vascular relaxation called 
endothelium-derived relaxing factor (EDRF) (Angeli 2013; Batlouni 2001; Félétou et al. 
2012; Furchgott and Zawadzki 1980; Girardi et al. 2006; Queiroz and Batista 1999; Triggle et 
al. 2012). 
In the following years several research groups have dedicated themselves to 
characterize EDRF, and several hypotheses on its chemical identity were explored (Cocks et 
al. 1985; Griffith et al. 1984; Martin et al. 1985; Rubanyi et al. 1985). However, only in 1987 
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three groups of completely independent researchers found that EDRF was in fact nitric oxide 
(NO) (Furchgott et al. 1987; Ignarro et al. 1987; Palmer et al. 1987). 
To support this knowledge, Moncada and Ignarro, independently conducted a series of 
experiments, however the concise evidence of EDRF identity as being NO has been granted in 
1991 to Moncada et al., which by means of chemiluminescence validated that endothelial 
cells, in fact, release NO (Ignarro et al. 1988; Lancaster Jr 1992; Moncada et al. 1991). 
These investigations led to the concept that the endothelium was not only a physical 
barrier, but rather an autocrine system, paracrine and endocrine of human organism, 
metabolically capable of releasing regulatory substances of tone and vascular growth, as well 
as modulate coagulation and inflammation (Batlouni 2001; Britten et al. 1999; Girardi et al. 
2006; Moncada 2014; Silva et al. 2012). 
In order to consider sensors of hemodynamic changes, the endothelial cells are 
equipped with highly complex intracellular systems, able to respond both to exogenous 
stimuli as the endogenous, releasing vasoactive substances entitled endothelium-derived 
constrictor factors (EDCFs) and endothelium-derived relaxing factors (EDRFs) (Furchgott 
and Vanhoutte 1989; Kifor and Dzau 1987; Vanhoutte et al. 2009). The interaction between 
EDCFs and EDRFs with smooth muscle is critical for the regulation of blood flow and blood 
pressure (Batlouni 2001; Kang 2014; Queiroz and Batista 1999; Wong and Vanhoutte 2010). 
Control and maintenance of the tone occur by calcium mobilization in the cells of the 
vascular smooth muscle, either by opening or blocking these channels, which leads to 
contraction and relaxation respectively, and intimately depends on the effects produced by 
EDCFs and EDRFs (Silva and Zanesco 2010). 
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Changes in the properties of these factors lead to endothelial dysfunction, contributing 
to the increase in vascular resistance and consequent tone changing, favoring the hypertensive 
process (Batlouni 2001; Bernatova 2014; Cannon 1998; Teixeira et al. 2014; Wilcox et al. 
1997). 
Therefore, scientists began to elucidate the activity and interaction between these 
substances, aiming to unravel the pathogenesis of hypertensive disease, not only in large 
vessels such as aorta (Bernatova 2014; Couture and Regoli 1980; Garcia et al. 1980), but also 
in other beds as splenic movement (Grassi-Kassisse et al. 1994; Grassi-Kassisse et al. 1996; 
Grassi-Kassisse et al. 1995; Grassi‐Kassisse et al. 1994) and microcirculation (Carvalho et al. 
1987; Carvalho et al. 2006; Fortes et al. 1983). In this line of thought, complexes capable of 
acting with relaxing factors and endothelial contractile were synthesized and tested in order to 
formulate new drugs to aid in the hypertension treatment(Conceição-Vertamatti et al. 2014; 
Lunardi et al. 2009; Tfouni et al. 2012), featuring the importance of substances released by 
the endothelium. 
Endothelium-derived contracting and relaxing factors  
 
Contracting 
Among the factors considered endothelium-derived contraction are the endothelins 
(Yanagisawa et al. 1988), superoxide anions (O2
-
) (Furchgott 1983; Rubanyi and Vanhoutte 
1986), products derived from the arachidonic acid metabolism such as thromboxane A2 





Discovered between 1985 and 1986, three groups showed that the porcine endothelial 
cells produced a potent vasoconstrictor peptide called as Endothelin. There have been 
characterized endothelin-1, endothelin-2 and endothelin-3, however only endothelin-1 is 
expressed in the vascular endothelium (Batlouni 2001; Inoue et al. 1989; Nasser and El-Mas 
2014; Yanagisawa et al. 1988). ET-1 exerts paracrine function, with their production released 
in subluminal portion of the cell, acting directly on the vascular smooth muscle (Nasser and 
El-Mas 2014). It acts through two receptors: ET-1 in large scale in vascular smooth muscle 
cells and in cardiac myocytes and ET-1 predominant of endothelial cells, but it is mainly 
through the ET-A receptors that ET-1 performs vasoconstriction (Faro et al. 1998; Faro et al. 
1995; Grassi-Kassisse et al. 1995; Zanatta et al. 2008). It is produced when the endothelium is 
in hypoxic situation, low temperatures or pressurization (Kim et al. 2014; Waib and Burini 
1991). However, it is closely related to the pathogenesis of hypertension, correlating increase 
of constrictor tone for ET-1 and ET-B decrease (González et al. 2014; Krum et al. 1998; 
Nasser and El-Mas 2014). Endothelin action leads to increased calcium current through 
voltage-dependent channels (Batlouni 2001). It acts through the Gi protein which causes the 
activation of phospholipase C, releasing inositol triphosphate (IP3) and diacylglycerol (DAG) 
(Batlouni 2001; Thorin and Webb 2010). IP3 and DAG activates the protein kinase C that 
elevates intracellular calcium levels causing smooth muscles contraction (Batlouni 2001). 
Studies point to a derived relaxing effect of the ET-B endothelin receptor, present in 
the endothelium, releasing NO and PGI2 (Faro et al. 1998; Faro et al. 1995; González et al. 
2014; Grassi-Kassisse et al. 1995; Grassi‐Kassisse et al. 1994; Mommerot et al. 2014). 
Superoxide Anion 
Superoxide anion is considered an EDCF. It is a free radical, with high affinity with 
NO, and when reacting with NO it inhibits its action, reducing NO bioavailability. This is 
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probably the most important mechanism by which oxidative stress influences endothelial 
function and consequently its vasodilator effect (de Pinho et al. 2010; Lacchini 2004). O2
-
 
reacts with NO yielding nitrite peroxide (ONOO-), which is highly reactive and damaging to 
biomolecules, and by the action of superoxide dismutase (SOD), O2
-
 is dismuted into 
hydrogen peroxide (H2O2), and may be converted into water by the action of glutathione 
peroxidase (GPx) or catalase (Angeli 2013; da Costa Silva et al. 2011). The main source of 
O2
-
 is the enzyme complex NADH/NAD(P)Hox which catalyzes the reduction of molecular 
oxygen by means of NAD(P)H acting as electron donor, generating O2
-
 and this system is a 
major source of O2
- 
in endothelial cells and smooth muscle cells (da Costa Silva et al. 2011). 
Cyclooxygenase pathway (COX) 
From the release of membrane phospholipids and subsequent activation of the enzyme 
phospholipase A2, the arachidonic acid is formed, which serves as substrate for the enzyme 
cyclooxygenase pathway (COX) (Batlouni 2010; Gryglewski 2008; Kummer and Coelho 
2002). 
Through the COX pathway, prostaglandin G2 is produced, which under the action of a 
peroxidase the prostaglandin H2 is formed (PGH2) (Gryglewski 2008). This in turn, is 
mediated by tissue-specific isomerases and originates multiple biologically active eicosanoids 
(prostaglandins and thromboxane) (Feletou and Vanhoutte 2009; Kang 2014; Kummer and 
Coelho 2002; Wong and Vanhoutte 2010). 
Among prostanoids that participate in vascular contraction there is prostaglandin F2α 
and thromboxane A2 (PGF2α and TXA2)(Félétou et al. 2009; Kang 2014). 
Once secreted, they exert their effects via specific receptors: FP, TP respectively, for 
PGF2α and TXA2 and are coupled to G protein, and when they are stimulated they activate the 
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enzyme phospholipase C that forms IP3 and DAG, resulting in increased intracellular calcium 
concentration and consequent vasoconstriction (Batlouni 2001, 2010; Félétou et al. 2012; 
Frölich and Förstermann 1989; Matsuoka and Narumiya 2007). 
Angiotensin II  
Angiotensin II is a peptide with broad spectrum of biological activities including 
vasoconstriction (Batlouni 2001; Peach 1977; Ribeiro and Florêncio 2000). Renal 
juxtaglomerular cells release an enzyme glycoproteolytic called renin, which acts on a protein 
derived from pericentral area of hepatic lobules, called angiotensinogen, and generates the 
decapeptide angiotensin I (Cunha and Ferreira 2000; Peach 1977; Zago and Zanesco 2006). 
Angiotensin I (weak vascular activity) undergoes hydrolysis by angiotensin converting 
enzyme (ACE) originating the active octapeptide: angiotensin II (AII) (Ribeiro and Florêncio 
2000; Wang et al. 2015; Zago and Zanesco 2006). AII is produced in several tissues such as 
heart, kidney, vessels, adipose tissue, reproductive and digestive (Cunha and Ferreira 2000; 
Leung 2007). It integrates a system called renin-angiotensin-aldosterone system (RAAS), 
which is considered one of the basic systems in the regulation of blood pressure and 
hemodynamic stability (Wang et al. 2015; Wood et al. 2003; Zhuo and Li 2007).  
Its action takes place through activation of its receptors AT1 and AT2 (Paul et al. 
2006), where vasoconstriction is promoted by AT1 receptors, present in vascular smooth 
muscles (Leung 2007; Paul et al. 2006; Wang et al. 2015; Zago and Zanesco 2006). AT2 
receptors counterbalance the action of AT1 receptors, however, its expression is considered 




AT1 receptor is coupled to a G protein and when activated it leads to subsequent 
activation of phospholipase C, deforming IP3 and DAG with increased intracellular calcium 
concentration and vasoconstriction (Paul et al. 2006; Peach 1977; Zhuo and Li 2007). AII also 
releases aldosterone, which promotes secretion of K
+ 
and consequent retention of Na
+
 and 
water (Leung 2007; Ribeiro and Florêncio 2000). Hyperactivation of RAAS is linked to high 
blood pressure (Accorsi-Mendonça et al. 2005; Krieger et al. 1996; Leung 2007; Wang et al. 
2015; Wood et al. 2003). 
With the advancement in antihypertensive therapy, researchers point out the reading of 
products of the RAA system, becoming focus of reviews such as: Sevá-Pessoa et al., 2013 
(Pessôa et al. 2013) 
Relaxing  
As relaxing effect there is prostacyclin (PGI2) (Bunting et al. 1976; Moncada et al. 
1977; Vanhoutte 1993), the endothelium-derived hyperpolarizing factor (EDHF)(Feletou and 
Vanhoutte 1999; Taylor and Weston 1988) and nitric oxide (NO) (Furchgott and Zawadzki 
1980). 
Prostacyclin 
Discovered by Vane and Moncada in 1976, prostacyclin (PGI2) is considered an 
important eicosanoid that triggers vascular relaxation (Batlouni 2001; Carvalho et al. 2006; 
Kang 2014; Krieger et al. 1996). Released in response to shear force or shear stress, it is 
synthesized in endothelial cells from the release of arachidonic acid, since free in the plasma 
it is metabolized by COX and then undergoes the action of a prostacyclin synthase, generating 




Because it is lipophilic to PGI2, it goes through the membrane of endothelial cells and 
binds to IP receptor, coupled to the G protein located in the plasma membrane of smooth 
muscle cells. Thus, it induces activation of enzyme adenylate cyclase, increasing the cAMP 
concentration and then activation of cAMP-dependent protein kinase (PKA) via signal 
transduction relaxes smooth muscle cell (Carvalho et al. 2001; Félétou et al. 2009; Hewer et 
al. 2011; Kang 2014; Mitchell et al. 2014). In vascular smooth muscle cells there is activation 
of K
+ 
channels sensitive to ATP, which leads to output of calcium of cytosol and 
hyperpolarization of membrane. This phenomenon inhibits the contractile machinery and 
hence leads to relaxation of smooth muscle (Batlouni 2001; Carvalho et al. 2001; Moncada et 
al. 1977). 
Endothelium-Derived Hyperpolarizing factor (EDHF) 
Endothelium produces a relaxing factor that does not alter cAMP and cGMP levels, 
but leads membrane hyperpolarization of vascular smooth muscle, and are resistant to COX 
and nitric oxide synthase inhibitors; it was described in 1987 and called endothelium-derived 







 or even channels of K
+
ATPase sensitive or activated by calcium of small 
and medium conductance (SKCa and IKCa). Its vasodilator effect is higher in resistance vessels 
than in large arteries (Batlouni 2001; Carvalho et al. 2001; Feletou and Vanhoutte 2009; Giles 
et al. 2012; Kang 2014).  
Nitric Oxide 
Nitric oxide (NO) is one of the most important endothelium-derived relaxing factor 
and exerts a crucial role in vascular homeostasis (Giles et al. 2012; Girardi et al. 2006; Kang 
2014; Vanni et al. 2007). The NO synthesis caused in the vascular endothelium is 
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characterized by two phases, in which in the first occurs hydroxylation of one of the 
guanidinium nitrogens of L-arginine generating NG-hydroxy-L-arginine (NHA). This reaction 
uses NADPH and oxygen (O2), and is catalyzed by the endothelium NO synthase enzyme 
(NOS3 or eNOS). The second stage consists in the conversion of NHA in NO and citrulline, 
using flavin adenine dinucleotide (FAD), mononucleotide flavin (FMN) and 
tetrahydrobiopterin (BH4) as cofactors in the reaction (Cerqueira and Yoshida 2002; Dusse et 
al. 2003; Giles et al. 2012; Marletta 1994; Marletta et al. 1988; Palmer and Moncada 1989; 
Schmidt et al. 1988). 
The e-NOS is conveniently anchored to the membrane of endothelial cell, which 
favors the presence of large amounts of NO near the muscle layer of the vessel and circulating 
blood cells and is regulated by calcium-calmodulin (Dias et al. 2011; Dudzinski et al. 2006; 
Dusse et al. 2003; Vanni et al. 2007; Walford and Loscalzo 2003).  
Due to its small size and its lipophilic characteristic, NO, once produced by 
endothelial cell, diffuses quickly into the smooth muscle directly interacting with the heme 
iron of the enzyme guanylate cyclase (GC) making it active (GCa). GCa catalyzes the output 
of two phosphate groups of cyclic guanosine triphosphate molecule (GTP) resulting in the 
formation of cyclic guanosine monophosphate (cGMP). cGMP modulates the protein kinase 
G, which activates myosin phosphatase of light chain and results in dephosphorylation of 
myosin of smooth muscle. This process leads to vascular relaxation by annulment of tonic 
contraction of the smooth muscle (Barrett et al. 2013; Dusse et al. 2003; Giles et al. 2012; 
Kang 2014; Rodrigues et al. 2013; Vanni et al. 2007; Wobst et al. 2015).  
The relaxation of vascular smooth muscle provided by NO also occurs due to the 
decrease in the concentration of intracellular Ca
2+
, which is due to the direct reduction of Ca
2+
 
transport into the cell, sequestration of excess of Ca2
+
 of the intracellular fluid into the 
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sarcoplasmic reticulum, by inhibiting the release of Ca
2+
of the sarcoplasmic reticulum and by 
reducing the sensitivity of interaction between Ca
2+
 and actin and myosin myofilaments 
(Andriantsitohaina et al. 1995; Brophy et al. 1997; Ford and Lorkovic 2002; Gewaltig and 
Kojda 2002; Ito et al. 1987; Triggle et al. 2012).  
Adrenergic interaction and hypertension  
 
The sympathetic nervous system performs an important role in controlling blood 
pressure having its influence in the pathogenesis of hypertension noted (Ferguson and 
Feldman 2014; Neto et al. 2006; Rozec et al. 2003; Sousa et al. 2015).  
Both the endothelium and the smooth muscle receive innervation from sympathetic 
nerve fibers, which play their role by catecholamine action (noradrenaline and adrenaline). 
They act through adrenergic receptors present in the vascular bed, directly affecting the 
vasomotor tone (Conti et al. 2013; Guimarães and Moura 2001; Hauzer et al. 2014). 
Adrenergic receptors have been described by Ahlquist in 1948, proposing a division 
into two broad categories α and β; (Ahlquist 1948) and then rearranged into subtypes α1Α, α1Β, 
α1D, α2Α, α2Β, α2C, β1, β2 and β3 (Ferguson and Feldman 2014; Lands et al. 1967; Silva and 
Zanesco 2010). 
Special attention has been paid to the participation of β-adrenergic receptors in the 
development of hypertension, since this class of receptors is present in both the endothelium 
and smooth muscle of blood vessels and in the heart (Ferguson and Feldman 2014; Guimarães 
and Moura 2001; Sousa et al. 2015). 
Much of what is known about this disease, as well as the pharmacological advances in 
the development of antihypertensive drugs, comes from the study of the structure and function 
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of β-adrenoceptors (Berg 2014; Hall 2004; Poirier and Lacourcière 2012; Pourageaud et al. 
2005). 
β-adrenergic are receptors of seven transmembrane domains which directly interact 
with G protein and are phosphorylated by the kinase family (GRKs), which play a regulatory 
role both in the signaling pathway and in the receptor function (de Lucia et al. 2014; Jozsef 
Szentmiklosi et al. 2015; Lefkowitz 2013; Lymperopoulos 2013; O'Leary et al. 2015; Perez-
Aso et al. 2014). 
Considering the powers to catecholamines, the beta adrenergic receptors have been 
subdivided on the cardiovascular system in 1, prevalent in the myocardium, and 2, 
predominantly in smooth muscle and skeletal (Neto et al. 2006). After, the subtype 3, 
traditionally known as a modulator of lipolysis in adipose tissue, was considered as a 
regulator of vasomotor tone, along with 1 and 2 (Conti et al. 2013). In 1989, Kaufmann 
demonstrated a subtype of -adrenoceptor different from the others, proposing the idea of an 
atypical receptor, called 4, however it has been found that this group of receptors was just 
another conformational state of β1 that had a low affinity site to agonists and conventional 
antagonists (Kaumann 1989, 1997; Kaumann and Molenaar 1996). 
Although there is a predominance in the receptor2 on vascular smooth muscle (Neto 
et al. 2006), it is already known the participation of all subtypes of adrenergic  receptors on 
vascular relaxation, thus influencing in controlling blood pressure (Conti et al. 2013; Dessy et 
al. 2004; Guimarães and Moura 2001; Hauzer et al. 2014). A commitment in the balance 
between endothelial response and receptor signaling - adrenergic can contribute to increase 




Receptors 2-adrenergic may act upon association with stimulatory G protein (Gs), 
and also inhibitory G protein (Gi) by distinct mechanisms. Through Gs stimulation the -
adrenergic receptors act by activating the adenylyl cyclase (AC), resulting in cAMP 
production, and subsequent PKA activation, which culminates in a decrease in intracellular 
calcium levels resulting in vascular relaxation (de Lucia et al. 2014; Ferguson and Feldman 
2014; Moreira-Rodrigues et al. 2014; Neto et al. 2006).  
When Gi protein is active, it acts through PKA phosphorylation, negative regulatory 
function occurs and consequently receptor desensitization, causing receptor downregulation 
(Jozsef Szentmiklosi et al. 2015; Lymperopoulos 2013).  
Much has been discussed about the promiscuity of receptor 2 adrenergic and its 
cardioprotective effect, and in 2013 Robert Letkowitz received the Nobel prize for his 
research and characterization of adrenergic receptors and their clarification on the kinase 
receptors, G protein-coupled (Heubach et al. 2004; Lefkowitz 2013). 
Receptors -adrenergic can also exercise their regulatory role of vascular tone by 
enabling small and medium conductance sensitive potassium channels to Ca
2+
 (SKca/IKca) 
resulting in first instance hyperpolarization in endothelial cell, which consequently, with the 
aid of myoendothelial gap junctions, activate opening of K
+





/ATPase in the smooth muscle, causing hyperpolarization of smooth muscle 
cell, allowing the efflux of K
+
 to the extracellular medium. Along with this phenomenon 
occurs the closing of voltage-gated calcium channels, thereby reducing the interaction of the 
Ca
2+
/Calmodulin complex and phosphorylation of myosin light chain, resulting in a relaxing 
response (Garland et al. 2011; Matsumoto et al. 2012; Matsushita et al. 2006; Neto et al. 
2006; Silva and Zanesco 2010; Yarova et al. 2013). Another possibility of relaxing response 
by activation of β receptors is by the NO/cGMP pathway, and the mechanism involves the 
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participation of the mitogen-activated protein kinases (MEK), MAPK (p42 and p44), ERK1/2 
as well as the route of phosphatidylinositol 3 kinase(PI3K), which leads to eNOS activation, 
resulting in the production and action of NO and would involve the subtypes β1, β2 and β3 
acting in smooth muscle cells (Conti et al. 2013; Dessy et al. 2004; Dhein et al. 2015; 
Ferguson and Feldman 2014; Perez-Aso et al. 2014; Pourageaud et al. 2005).  
Action mechanisms involved in β-adrenergic response are illustrated in Figure 1. 
 
Figure 1: Mechanism of action of β-adrenergic receptors. (A) Classical route of activation of β-adrenergic receptor by 
interaction with G protein with activation of adenylate cyclase and cAMP production with subsequent activation of PKA, 
leading to reduction in the intracellular calcium with consequent relaxation (B) Activation of β-adrenergic receptor and 
consequent key proteins activation, leading to activation of eNOS, formation of nitric oxide (NO), which in turn activates the 
Guanylate Cyclase soluble (GCs) thereby causing conversion of GTP to cGMP resulting in reduction of intracellular calcium 
concentration of smooth muscle (C) Activation of β-adrenergic receptor resulting in the opening of K+ channels activated by 
calcium in the endothelium and subsequent opening of K+ channels and activation of pump Na+/K+/ATPase, generating 
hyperpolarization in smooth muscle cell followed by closing voltage-gated calcium channels, leading to loss of affinity 
between Ca2+ and calcium-calmodulin complex, resulting in decrease of phosphorylation of myosin light chain kinase 




The hyperresponsiveness association of β-adrenergic pathway in triggering 
hypertension has not been fully elucidated, however it is known that deficiencies in the ability 
of β-adrenergic responsiveness cause global imbalance between EDCFs and EDRFs, a 
characteristic of hypertensive condition. The scientific community has endeavored to clarify 
the regulation exercised by the receptors - adrenergic and hypertension models have been 
used to elucidate the molecular actions performed by these receptors (Ferguson and Feldman 
2014; Jozsef Szentmiklosi et al. 2015).  
New perspectives regarding the development of hypertension: the 
influence of adipokines and inflammatory cytokines 
 
Obesity is considered a risk factor extremely important in the development of 
cardiovascular diseases and its increasing incidence is a major problem in public health 
(Bahia and Araújo 2014; Lafontan and Berlan 2003). Thus, hypertension is among the most 
important vascular diseases related to obesity (Van de Voorde 2014).  
An aspect to be considered about obesity is hypertension as a secondary cause, and its 
pathogenesis, that is, high cardiac output, bioavailability of NO reduced and consequent 
endothelial dysfunction (Mende 2012). 
In 1994, after characterization and identification of leptin, the adipose tissue could be 
considered an endocrine organ, able to release adipokines and inflammatory cytokines; 
adipocytes are the primary source of these substances release (Carvalho et al. 2006; Kershaw 
and Flier 2004; Yamawaki 2011). They have vasoactive properties, modulating vascular tone, 
directly influencing the maintenance of blood pressure (Lafontan 2012; Lobato et al. 2012; 
Yamawaki 2011).  
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Among the most well known adipokines and cytokines produced and secreted by 
adipocytes are leptin, resistin, adiponectin, TNF-α, IL-6, PAI-1 and MCP-1 (Lafontan and 
Berlan 2003; Lobato et al. 2012; Van de Voorde 2014). The adipokines increase in size and 
number implies changes such as over-expression of TNF-α, IL-6, and PAI-1, and under 
expression of adiponectin (Carvalho et al. 2006). 
The balance of adipokines has a direct influence on cardiovascular diseases and affect 
vascular function (Lobato et al. 2012). 
Changes in the secretion of adipokines released by adipocytes generate imbalance in 
vascular tone, causing vascular dysfunction, implying hypertension (Lobato et al. 2012; Van 
de Voorde 2014).  
We can consider in relation to vascular hemodynamics that adipokines and 
inflammatory cytokines are divided as good and bad, of which adiponectin stands out as a 
good adipokine, as it has adverse effects on the inflammatory cytokines. Adipokines 
considered bad would be inflammatory cytokines such as TNF, resistin, PAI-1, MCP-1 and 
IL-6, through interaction with endothelial cells, promoting an increase in the expression of 
adhesion molecules VCAM-1 and ICAM-1, as well as contractile factors such as the pathway 
of endothelin-1, thereby contributing to the development of hypertension (Carvalho et al. 
2006; Yamawaki 2011).  
Studies demonstrate the existence of high release of proinflammatory cytokines along 
with endothelial dysfunction in hypertension (Kershaw and Flier 2004; Vila and Salaices 
2005).  
 A research in hypertensive patients demonstrated an imbalance related to adipokines 
and inflammatory cytokines, since they observed that adiponectin and circulating omentin are 
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decreased whereas leptin, resistin, apelin, as well as proinflammatory cytokines are elevated, 
suggesting the relevance to study these substances which could contribute to the clarification 
of pathways involved in hypertension, as well as in possible innovative medicaments for the 
treatment of this disease. (Dorrance 2007; Van de Voorde 2014).  
The contractile and relaxing factors of endothelium are elucidated in order to explain 
the involvement of adipokines in vascular reactivity, such as ET-1 synthesis, PGH2 expression 
and TXA2, as well as increase production of O2
- 
with consequent reduction in NO availability, 
causing vasoconstriction, as well as vessel relaxant factors, PGI2, PGE2and NO (Van de 
Voorde 2014; Vila and Salaices 2005).  
Considering the relentless interaction between adipokines and inflammatory cytokines 
released by adipocytes with the vascular system, resulting in modulation of endothelial cells 
influencing directly the development of hypertension, the field is opened for the development 
and motivation of research in hypertension experimental models (Teixeira et al. 2014).  
Promising effects  
 
The existence of this variety of models for the study of hypertension not only 
contributed to the progress in building the mosaic of knowledge, as quoted by Page in 1949, 
but actually helped the advance in different antihypertensive therapies. Briassoulis et al., in 
2013, published a meta-analysis examining data from 59,285 control subjects, and 55,569 
hypertensive patients, submitted to different therapies. The average age of patients in 
treatment was 71 years. This study demonstrated that different antihypertensive therapies with 
the same blood pressure reduction have similar effects on cardiovascular protection. Thus, if 
the therapy used restored blood pressure at 150/80 mmHg values, there are great benefits to 
the longevity of hypertension people (Briasoulis et al. 2013).  
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Conclusions         
 
The development of different models of hypertension led to evolution of the 
cardiovascular science, highlighting the fundamental importance of the interaction between 
endothelial cells and their contractile and relaxing factors in the development of hypertension. 
Therefore, due to these significant discoveries, the knowledge in the medical field was 
extended, resulting in improvement in treatments that surround the hypertensive disease.   
The challenges are constant, however studies that clarify the mechanisms of action 
surrounding hypertension are extremely relevant, and thus bringing new perspectives for the 
treatment of hypertension.  
Improvement evidences in the quality of life and longevity of hypertension subjects 
are definitely resulting from the dedication of numerous researchers and their magnificent 
experimental models, still indispensable to science. 
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